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The way in which we perceive odors is more than just the accumulation of odorant molecules 

acting on odor receptors to relay odor information to the brain. Instead, odor perception is greatly 

influenced by our previous experience with odor stimuli. Odor experience has been shown to 

yield significant changes in perception primarily through changes in the encoding of odor 

representations in the olfactory system. Here, I look at how different characteristics of olfactory 

perceptual learning (OPL), a non-association form of learning in which repeated exposure to 

odor stimuli leads to improved perceptual acuity, are important for shaping odor perception. In 

chapter 2, I show that both a short (5 days) and a long (10 days) time-course of OPL improved 

discrimination of perceptually similar odors and that the improved discrimination ability lasted 

when tested 20 days following removal from the enriched environment. Additionally, I show that 

while both time-courses of OPL increased memory duration immediately following olfactory 

enrichment, this memory improvement faded away by 5 days after enrichment ended. 

Furthermore, while both durations of enrichment increased survival of adult-born neurons to the 

OB, numbers of surviving cells returned to control levels by 20 days after the enrichment period. 

This suggests that while neurogenesis provides a substrate for OPL to occur the maintenance of 

OPL-induced behavioral improvements is regulated by different mechanisms. In chapter 3, I 

show that OPL generalizes to other forms of olfactory learning leading to improvements in 

acquiring an odor-reward association in an odor discrimination task. Specifically, I demonstrate 

that 10 days of olfactory enrichment significantly reduced the time needed for enriched animals 



 

 

to acquire the 2-alternative forced-choice (2AFC) discrimination task compared to non-enriched 

animals, but only provided modest improvements once the task has been learned. Overall, this 

body of work supports a rule-based model of OPL in which in which odor experience acts to 

prime the bulbar network to be “ready to learn” and OPL enhances task-relevant olfactory 

information from bulbar representations to higher cortical areas such that when those rules are 

applicable to new stimuli, tasks, or contexts then transfer of learning occurs. 
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CHAPTER 1 

INTRODUCTION 

 Our sensory systems receive abundant information from the environment. Sensory inputs 

allow the brain to construct a detailed multimodal map of the surrounding world. In order to 

appropriately interact with our surroundings, the key property of our senses is to receive and 

process this sensory information to shape our perception of the environment, thus guiding 

behavior. Our sense of smell is, in fact, an important contributor for guiding how we interact 

with the world around us. Odors are carriers of critical information about food, predators, social 

status, and a myriad number of important environmental conditions. In rodents, for example, 

odor signals are used for establishment of the mother-offspring bond, kin recognition, and mate 

choice (Brown, 1979; Dickinson and Keverne, 1988; Desjardins et al., 2010; Liberles, 2014). 

Odor signals can induce neuroendocrine changes, play a key role in social choices and responses, 

are important for the expression of reproduction-related behaviors such as the Bruce effect and 

reproductive status, as well as play an important role in memory formation (Bruce, 1960; 

Brennan and Kendrick, 2006; Choleris et al., 2009). Even in humans, studies have shown that 

olfaction is important for social behaviors such as sexual attraction or mate choice, in addition to 

being intimately linked with how we perceive information from other senses such as vision, 

audition, and gustation (Cowley and Booksbank, 1991; Rikowski and Grammer, 1999; Chen et 

al., 2013; Tonoike et al., 2013; Leonard and Masek, 2014; van den Bosch et al., 2015). Thus, a 

wide range of mammalian, and also invertebrate, behaviors rely on the processing and 

integration of relevant odor stimuli. However, only some of this abundant olfactory information 

is processed to the degree that it is behaviorally meaningful. In fact, one framework for odor 

learning suggests that behaviorally relevant information is preferentially encoded (Onoda et al., 

1984; Schoenbaum and Setlow, 2001; Riffell et al., 2009). That is, learning is not simply a 

product of the statistical regularities of odor stimuli; instead learning is gated by processes such 

as attention, reinforcement, and experience. One important predictor of whether information is 

behaviorally meaningful is whether the organism has had previous experience with the sensory 
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stimulus.  

 Although environmental stimuli are processed by our sensory systems, perception is not 

entirely a sensory process. Rather, we often rely on previous experience to influence perceptual 

experience. In fact, both odor perception and odor processing are shaped by experience (Dalton 

and Wysocki 1996; Buonviso et al. 1998; Buonviso and Chaput 2000; Fletcher and Wilson 2003; 

Mandairon et al., 2006e; Mandairon et al. 2008a). Furthermore, odor experience produces stable 

changes in olfactory regions such as the olfactory bulb and the orbitofrontal cortex (Alvarez and 

Eichenbaum, 2002; Mandairon and Linster, 2009; Fletcher and Bendahmane, 2014). From the 

perspective of perceptual learning in the olfactory system, the ability to process odor information 

in a context-dependent fashion underlies its ability to modulate behavioral performance and 

outcomes. In this thesis, I will use the olfactory bulb circuit to explore important questions 

regarding the characteristics and mechanisms of olfactory perceptual learning and the 

interactions of olfactory perceptual learning with postnatal neurogenesis. Because this thesis 

explores behavioral and neurobiological mechanisms of learning in odor perception, 

introductions to the relevant olfactory bulb structures and computations are provided in this 

introduction, followed by an introduction to olfactory perceptual learning, an explanation of how 

time-course plays a role in perceptual learning, then a discussion of the role that neurogenesis 

plays in olfactory perceptual learning, and ending with a discussion of results and possibilities 

for future work to emerge from these results. 

 

1.1 The Olfactory Bulb: More Than A Relay Center For Odor Input 

 How neural networks encode sensory information and how that information relates to 

behavior are key questions in neuroscience. Transducing and processing sensory information 

through peripheral systems to cortical structures is a highly complex and regulated task. The 

olfactory system serves as a model structure for understanding these processes. Beyond the 

obvious benefit of providing an insight into how animals process information from their sensory 

environment, the principles learned through the study of the olfactory system often translate to 
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other areas of neuroscience research. In olfaction, the olfactory bulb (OB) acts as the first stage 

for processing sensory information arriving from the periphery. First, olfactory sensory neurons 

(OSNs) respond to odor stimuli with excitatory receptor potentials that carry information about 

odor quality, quantity, and temporal properties of odor information to the central nervous system 

(Hildebrand and Shepherd, 1997). These odor signals from OSNs project to the OB, which 

transforms and conveys the sensory information via principal projection neurons directly to the 

olfactory cortex. In the OB axons from OSNs expressing similar olfactory receptors converge on 

the same glomerulus, establishing glutamatergic connections with the OB principal neurons, 

mitral and tufted (M/T) cells, such that a given odorant activates a specific combination of 

glomeruli and different odorants activate distinct combinations of glomeruli (Stewart et al., 1979; 

Figure 1.1). Each M/T cell has a single primary dendrite that extends apically towards the 

olfactory bulb surface, several secondary dendrites that spread laterally in the olfactory bulb, and 

an axon that projects to higher cortical regions such as the anterior olfactory nucleus, tenia tecta, 

olfactory tubercle, piriform cortex, entorihnal cortex, and amygdala (Shepherd et al., 2004; Imai, 

Figure 1.1: Schematic of olfactory sensory neurons projecting to particular glomeruli 
on the surface of the olfactory bulb. The olfactory epithelium is divided into four zones 
(zone I through IV) that express a particular odorant receptor. The olfactory sensory 
neurons (OSNs) in a given zone project to corresponding zones within the glomerular layer 
(GL) of the olfactory bulb. Axons of OSNs expressing the same odorant receptor converge 
onto particular glomeruli. In this schematic, two odorant receptor types (red and blue) are 
shown converging onto specific glomeruli. NC, neocortex; AOB, accessory olfactory bulb. 
Image from Mori et al., 1999.  
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2014).  Excitatory inputs onto M/T cells spread through the primary dendrite to the cell body that 

then propagates into the axon, the signal also backspreads into the lateral dendrites; this activity 

additionally activates reciprocal dendrodendritic synapses with OB interneurons (Shepherd et al., 

2004). Historically, it was thought that the OB solely acted as a relay center for sending odor 

signals to higher cortical areas for processing. It was believed that the role of local interneurons 

was to act to limit the activity of M/T cells (Duchamp-Viret and Duchamp, 1993). Yet evidence 

shows that the OB is more than just a relay station for olfactory information to higher cortical 

areas; that this “bottom-up” view of odor coding does not account for the inhibitory interactions 

between components of the olfactory circuit, neuromodulatory or centrifugal feedback to the OB 

that actively shape odor representations. 

 Odor information processing from OSNs is modulated by several types of interneurons 

found in the glomerular layer and deeper layers of the OB: periglomerular (PG), short axon (SA) 

cells, granule cells (GCs), parvalbumin (PV), and deep short axon (dSA) cells. These reciprocal 

circuits between interneurons and principal neurons have been shown to be critical for 

modulating M/T cell activity such as narrowing of receptive fields, M/T oscillations and 

synchronization of spike timing, as well as odor selective tuning of M/T cells (Urban, 2002; 

Schoppa, 2006; Migliore and Shepherd, 2008; Tan et al., 2010; Lepousez and Lledo, 2013). A 

schematic of these circuit connections are illustrated in Figure 1.2. In the glomerular layer (GL), 

a typical glomerulus is innervated by the primary dendrites of 20-50 M/T cells, where the 

primary dendrite of each M/T cell ramifies within a single glomerulus to make synaptic 

connections with OSNs, and reciprocal synapses with diverse glomerular layer interneurons 

(Shepherd et al., 2004; Braubach et al., 2012; Ke et al., 2013; Nagayama et al., 2014). 

Periglomerular cells (PGCs) are the most numerous of the interneurons in the GL, they are 

restricted to one glomerulus, making connections with and between M/T cells and OSNs, and 

primarily exert recurrent inhibition via dendrodendritic synapses onto principal neurons (Murphy 

et al., 2005; Arruda et al., 2013). In addition to PGCs, superficial short axon (SA) cells are also 

found in the GL and have a widespread axonal harbor spanning several GLs to mediate lateral 
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inhibition between glomeruli (Whitesell et al., 2013). It is the synaptic connections between M/T 

cells and glomerular interneurons that are thought to shape M/T responsiveness through such 

mechanisms as contrast enhancement (Cleland and Sethupathy, 2006) and improvements in 

signal to noise ratio, which provide discriminatory function to the bulb as well as increases 

system sensitivity (Egger et al., 2003; Enwere et al., 2004; Cleland and Linster, 2005). 

Additionally, because the short axon cells mediate biphasic inhibitory and excitatory responses, 

they may also contribute to temporally precise responses in mitral/tufted cells (Kosaka and 

Kosaka, 2008; Kiyokage et al., 2010).  

 The second level of inhibitory processing in the OB occurs in deeper layers of the bulb. 

Granule cells (GCs) make up the most abundant population of inhibitory interneurons and 

provide recurrent and lateral inhibition to the somata and secondary dendrites of M/T cells via 

 

Figure 1.2: Basic schematic of olfactory bulb circuit. Each glomerulus receives convergent axonal 
inputs from OSNs expressing a given OR. OSNs synapse onto tufted (T), mitral (M), periglomerular (PG) 
and superficial short axon cells (SA). PG cells exert recurrent inhibition via dendrodendritic synapses 
onto principal neurons. SA cells mediate lateral inhibition among glomeruli. PV cells form reciprocal 
connections with M/T cell dendrites and control global gain. GCs make recurrent connections with M/T 
cells to modulate M/T output. dSA provide inhibitory regulation to GCs and also with GCs receive 
centrifugal feedback from higher cortical regions. Mitral/tufted cells associated with a common 
glomerulus are called ‘sister’ cells. OSN, olfactory sensory neuron; PG, periglomerular cell; SA, short 
axon cell; PV, parvalbumin-expressing interneuron; T, tufted cell; M, mitral cell; dSA, deep short axon 
cell; GC, granule cell. Image from Imai 2014.   
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dendrodentritic connections (Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Shepherd et 

al., 2004). Through dendrodendritic inhibition, glutamate release from M/T cells excites GCs 

which in turn triggers release of GABA back onto the M/T cells (Isaacson and Strowbridge, 

1998; Chen et al., 2000). These dendrodentritic interactions generate a variable and highly 

dynamic pattern of odor-evoked M/T cell activity that changes continuously throughout stimulus 

onset (Freidrich and Laurent, 2001). Furthermore, GCs integrate several sources of top-down 

inputs to modulate M/T cell output by fine-tuning their firing rates, modulating spiking 

probability in an activity-dependent manner, decorrelating M/T activity patterns, as well as 

selectively correlating timing of M/T cells of similar levels of activity (Yokoi et al., 1995; 

Schoppa and Urban, 2003; Egger and Urban, 2006; Arevian et al., 2008). Acting also with GCs 

in the external plexiform layer (EPL), parvalbumin (PV) neurons also make reciprocal 

connections with M/T cells. However, PV neurons make dense connections with M/T cells and 

are more broadly tuned to odor input and respiration frequencies unlike the more narrowly tuned 

and spatially sparse GC neurons (Kato et al., 2013; Miyamichi et al., 2014). Additionally, PV 

neurons have been shown to provide modulation of M/T activity that is not odor specific and not 

closely linked to the molecular receptive range of glomeruli (Kato et al., 2013). In addition, PV 

cells linearly transform odor-evoked activity of M/T cell ensembles without affecting odor 

selectivity of M/T cells, believed to be a mechanism of gain control of M/T cell output (Huang et 

al., 2013; Kato et al., 2013; Miyamichi et al., 2014). dSAs are another type of interneurons found 

in the EPL that regulate network activity through the selective control of other GABAergic 

interneurons and to be a key modulator of GC output (Pressler and Strowbridge, 2006; Eyre et 

al., 2008; Labarrera et al., 2014). The functional importance of dSAs is still under exploration 

but some recent evidence suggests that they provide important inhibitory regulation that 

influences GC activity onto M/T cells, such as feed-forward inhibition that reduces temporal 

regularity of GC firing and dendritic inhibition that attenuates depolarization in dendritic spines 

(Burton and Urban, 2015). Thus, inhibitory processing in this layer is believed to shape sensory 

processing via modulation of M/T spike timing, synchronization of M/T response, and spatio-
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temporally sculpting odor responses to increase contrast of odor representations in an 

experience-dependent manner (Urban, 2002; Beshel et al., 2007; Migliore and Shepherd, 2008; 

Yu et al., 2013). As a whole, the combined function of these bulbar computations are thought to 

lead to more sophisticated cognitive tasks such as perception, learning and memory (Yokoi et al., 

1995; Laurent, 1999; Schoppa and Urban, 2003; Wilson and Mainen, 2006; Tan et al., 2010; 

Chow et al., 2012). Therefore, these studies on the morphological and functional purpose of 

these bulbar connections provide evidence that the inhibitory interactions between interneurons 

with M/T cells throughout the various layers of the OB function as integral components of local 

OB microcircuits; acting to sculpt the odor information output of M/T cells to secondary cortical 

regions. Thus by contributing to M/T cell response patterns, local inhibitory interneurons appear 

to help reformat olfactory representations. However, sensory perception is not simply a feed-

forward process; in fact, a crucial component of the ability of OB to actively shape sensory 

information is a result of the numerous feedback projections to the OB from more central cortical 

regions.  

 In addition to the complex internal regulation between components of the bulbar network 

that shape odor information, the OB receives substantial neuromodulatory input and centrifugal 

input from secondary cortical structures (Kay et al., 1996; Kay, 2003, 2005; Ravel et al., 2003; 

Wilson and Stevenson, 2003; Martin et al., 2004; Wilson et al., 2004); indicating that OB circuits 

are strongly regulated by odor learning and experience. Centrifugal projections to the OB 

originate throughout the olfactory cortex, including the anterior olfactory nucleus, tenia tecta, 

orbitofrontal cortex, and piriform cortex (Price and Powell, 1970; Haberly and Price, 1978; 

Matsutani and Yamamoto, 2008; Matsutani, 2010). Anatomical studies have shown that axons of 

M/T cells via the lateral olfactory tract (LOT), project to pyramidal neurons in secondary cortical 

structures which in turn send axonal projections back into the OB, primarily targeting bulbar 

inhibitory interneurons, creating a cortical feedback loop (Luskin and Price, 1983; Shipley and 

Adamek, 1984; Boyd et al., 2012; Markopoulos et al., 2012). Previously, it was believed that 

centrifugal projections primarily targeted GCs to inhibit M/T cells. More recent studies showed 
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that centrifugal connections to the OB could produce excitatory postsynaptic currents (EPSCs) in 

both GCs and PG cells which enhanced recurrent and lateral inhibition to M/T cells (Balu et al., 

2007; Matsutani and Yamamoto, 2008; Strowbridge, 2009). However, recent optogenetic studies 

found that input from cortical feedback projections, in fact, is strongest to s/dSAs, followed by 

GCs and then PGs, and that cortical feedback to the OB could works through a disinhibition 

process (SAs inhibit PG and GCs which disinhibit M/T cells) to modulate M/T cell activity by 

reducing odor-evoked firing, increasing spike timing precision, or promote synchronization of 

firing in M/T ensembles (Boyd et al., 2012; Markopoulos et al., 2012). These centrifugal 

connections are proposed to help shape to spike timing and oscillatory activity in the OB 

(Neville and Haberly, 2003; Markopoulos et al., 2012) and because the cortical synapses onto 

GCs undergo LTP (Gao and Strowbridge, 2009; Nissant et al., 2009) they are believed to 

contribute to olfactory learning. Yet, given the abundance of anatomical and optogenetic studies 

showing the substantial morphologic influence of cortical feedback onto the bulbar network, the 

functional importance of this feedback is still not fully elucidated but becoming better 

understood.  

 Numerous data suggest that higher-order cognitive processes can shape odor 

representations. Data from human studies suggest that higher-order cognitive processes can 

affect the perception of an odorant. Verbal context has been shown to influence perception of 

odor quality (Herz and von Clef, 2001), while learned associations between different odors can 

change odor perception (Stevenson, 2001). In one study, subjects were asked to smell an odor 

and rate its pleasantness; researchers found that the perception of the same odor changed as a 

function of how the odor was labeled (i.e. the same odor was perceived differently if labeled as 

mildew or as cucumber). Furthermore, learned associations between different odors can change 

the perception of the odors. In the same study, Stevenson showed that when subjects were 

presented with a mixture of a principal odor and a contaminant (musty) odor, which they 

investigated and rated for intensity, upon post-test when the principal odor was tested alone it 

was rated as smelling “mustier” (Stevenson, 2001). In rodents, recordings in awake-behaving 
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rats showed that M/T activity was modulated by contextual information concerning odor 

associations (Kay and Laurent, 1999; Doucette and Restrepo, 2008). For example, Doucette and 

Restrepo (2008) demonstrate a transient increase in M/T responsiveness to the odors being 

discriminated in a go-no go discrimination task, and that M/T firing rates differ in response to the 

rewarded and non-rewarded odor during performance of the task. Similarly, short exposure to an 

odor (20min) decreased mitral cell responsiveness (Buonviso and Chaput, 2000) and also 

sharpened mitral cell receptive fields (Fletcher and Wilson, 2003). Likewise, Martin and 

colleagues (2004) showed that learning of an odor discrimination task amplified beta (15-40Hz) 

and gamma (60-90Hz) oscillations in bulbar local field potential (LFP) recordings. These 

oscillations have been shown to play important roles in encoding odor information, are important 

for execution of olfactory behaviors, such as discrimination, as well as for playing a critical role 

in odor learning (Ravel et al., 2003; Kay, 2005; Beshel et al., 2007; Kay and Beshel, 2010). 

Importantly, lesions of centrifugal projections to OB in rats disrupt odor-reward associations but 

not spontaneous discrimination (Kiselycznuk et al. 2006). Combined these data demonstrate that 

experience can modulate bulbar networks by affecting inhibitory processing in the bulbar 

network which can shape odor representation.   

 In addition to centrifugal inputs from secondary cortical structures, which include both 

cholinergic and GABAergic fibers (Matsutani and Yamamoto, 2008; Gracia-Llanes et al., 2010), 

the OB receives extensive neuromodulatory inputs from cholinergic, noradrenergic and 

serotonergic systems. A number of rodent studies have shown that neuromodulatory inputs affect 

odor perception and odor discrimination as well as attention, learning and memory (Kiselycznyk 

et al., 2006; Mandairon et al., 2006d; Devore et al., 2014).  For example, the OB receives 

extensive cholinergic inputs from the horizontal limb of the diagonal band of Broca (HDB) that 

have been implicated in odor response tuning and contrast enhancement, as well as affecting a 

number of behaviors such as olfactory discrimination, and reward learning (Castillo et al., 1999; 

Mandairon et al., 2006d; Chadhury et al., 2009; Ma and Luo, 2012; Rothermel et al., 2014). In 

one study, Mandairon and colleagues (2006d) found that spontaneous discrimination between 
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similar odorants was differentially modulated by muscarinic and nicotinic acetylcholine receptor 

(mAChR and nAChR, respectively) antagonists, while potentiation of cholinergic effects by an 

acetylcholinesterase inhibitor (neostigmine) increased discrimination of similar odors. However, 

modulation of cholinergic receptors had no behavioral effect on discrimination for a reward-

motivated task (Mandairon et al., 2006d). Correspondingly, Devore and colleagues (2014) 

suggest that muscarinic and nicotinic acetylcholine receptors play different roles during reward-

motivated discrimination learning, with mAChRs playing a role in general discrimination 

learning and nAChRs affecting learning in difficult discriminations between odors with a high 

degree of perceptual overlap. 

 Like other cortical structures, the OB receives noradrenergic (NA) input from the locus 

coeruleus (LC). A dense network of NA fibers projects to the OB; the majority preferentially 

target the internal plexiform layer (IPL) and granule cell layer (GCL), while only moderate 

innervation is found in the mitral cell layer (MCL) and EPL, and lowest density in the GL 

(Shipley et al., 1985; McLean et al., 1989). NA has been shown to have a potentiating effect on 

weak sensory input as well as enhancing network excitability which results in enhanced 

oscillatory dynamics and synchronization of M/T cells (Jiang et al.,1996; Ciombor et al., 1999; 

Hayar et al., 2001; Bouret and Sara, 2002; Escanilla et al., 2010; Pandipati et al., 2010; Eckmeier 

and Shea, 2014). For example, in vitro studies have shown that noradrenaline acutely enhances 

the sensitivity of MTs to odor input directly and via release of inhibition from granule cells 

(Hayar et al., 2001; Nai et al., 2010; Pandipati et al., 2010; Linster et al., 2011). In another study, 

Jiang and colleagues used in vivo recording techniques to show that stimulation of the LC 

significantly increase M/T cell responses to weak, perithreshold stimulation of the olfactory 

epithelium (1996). Furthermore, one study combining behavioral pharmacology and 

computational methods revealed that NA improves odor detection and discrimination thresholds 

for low concentration stimuli, most likely through increasing signal-to-noise ratios and higher 

M/T synchrony (Escanilla et al., 2010). In addition to a role in odor detection, NA has been 

shown to have roles in odor discrimination and odor memory. Infusions of α and β antagonists 
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together have been shown to slow acquisition of a reward-motivated odor discrimination task 

(Mandairon et al. 2008b), and blocking α receptors impairs spontaneous odor discrimination 

(Escanilla et al., 2010). Increased NA release from LC stimulation paired with an odor is 

sufficient to induce an odor memory, even in anesthetized animals (Shea et al. 2008). In addition, 

both olfactory enrichment and associative conditioning lead to increased NA in the olfactory 

bulb (Brennan et al. 1998; Veyrac et al. 2009). 

 In addition to cholinergic and noradrenergic modulation, the OB receives dense 

serotonergic (5HT) projections from the dorsal and median raphe nuclei (DRN and MRN, 

respectively; McLean and Shipley, 1987). Recent anatomical studies show that the DRN and the 

MRN have distinct innervation patterns in the OB: the DRN projects predominantly to the GCL, 

while the MRN projects to the GL (Steinfeld et al., 2015). As with other centrifugal modulators 

to the OB, 5HT appears to affect mitral cell output both directly and indirectly through the 

activation of inhibitory interneurons. Schmidt and Strowbridge (2014) show that 5HT 

depolarizes M/T cells, increasing their spontaneous firing rates in rodent brain slices, as well as 

triggering increases in synchronized inhibitory input among closely spaced pairs of M/T cells. 

Electrophysiological studies have shown that activation of 5HT2c receptors in the GL excite 

local interneurons and 5HT2a receptors on M/T cells (Hardy et al., 2005; Petzold et al., 2009). 

Yet compared with other neuromodulators, there are fewer studies that explore the functional 

role of 5HT at behavioral levels. In one study, depletion of bulbar 5HT fibers with a 5HT-

specific neurotoxin resulted in loss of discrimination ability in rats (Moriizumi et al., 1994). 

Other studies have shown that systemic injections of 5HT4 agonists and antagonists, 

respectively, enhanced or impaired learning on an olfactory go/no-go task (Marchetti et al., 

2000) and agonists enhanced short-term memory in a social recognition task. (Letty et al.,1997).   

 Although a full understanding of the role of neuromodulatory feedback in odor 

processing is far from complete, these and numerous other studies clearly indicate an important 

role of neuromodulatory projections in olfactory learning. In fact, because of its massive top-

down innervation from central brain regions, the OB is more similar to a sensory thalamus than 
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to a simple feed-forward relay. The bulbar network reshapes the patterns representing odor 

stimuli leading to changes in odor perception, likely as a result of learned experience, as well as 

dynamic changes of the bulbar network activity and morphology. Taken together, these data 

establish the OB as more than just a relay center, but instead as a critical component in the 

processing of olfactory sensory information.  

 

1.2 PERCEPTUAL LEARNING ACROSS SENSORY SYSTEMS 

 Modern research has demonstrated that the brain is highly adaptable; the brain continues 

to create new neural pathways and alter existing pathways throughout adulthood in order to learn 

new information, create new memories and adapt to new experiences. New experiences can be 

especially important for shaping brain processes and behavior; as a result, producing behavioral, 

morphological and molecular changes to neural circuits in the brain. When our brains receive 

new sensory information a representation of this sensory information becomes encoded via a 

number of neural changes. As we gain more experience we become better at discriminating this 

information due to these changes in brain circuitry. Modern studies have shown that even in 

human adults, perceptual ability can be enhanced with repeated exposure or training (Fiorentini 

and Berardi, 1980; Poggio et al., 1992; Ahissar and Hochstein, 1997; Dosher and Lu, 1998; 

Schoups et al., 2001). This form of learning is called perceptual learning, which is generally 

defined as gains in performance on perceptual tasks as a result of experience-dependent changes 

in the properties of neurons and in the functional organization of the cerebral cortex (Gibson, 

1963). 

 Perceptual learning (PL) is a process by which the ability of sensory systems to respond 

to sensory stimuli is improved through experience. It is an implicit form of learning that occurs 

without the conscious awareness of the subjects and progresses even in the absence of a reward 

for correct responses. PL involves relatively long-lasting improvements in perceptual ability that 

can vary from improvements in discrimination of simple sensory features (e.g. discriminating 

between two musical tones) to more complex sensory stimuli (e.g. discriminating between two 
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overlapping visual gratings), as well as to categorization of complex sensory patterns and tasks 

such as those utilized in language acquisition or reading (Gibson, 1963; Goldstone, 1998; Gilbert 

et al., 2001). Studies of PL have shown that across all sensory modalities, experience can 

significantly improve the ability to make discriminations of sensory stimuli and can induce long-

term changes in the perception of these stimuli. For example, human studies have shown that 

experience with wine improves one’s ability to discriminate between wines (Melcher and 

Schooler, 1996); long-term music training enhances auditory processing (Lee and Noppeney, 

2011); and visual training with sequences of letters can improve visual span (number of letters 

recognized in a glance) and reading performance (Chung et al., 2004; Lee et al., 2010; Bernard et 

al., 2012). To study PL, naive subjects are trained to perform a task or exposed to sensory 

stimuli, using a specific set of conditions, until a stable level of performance is attained. Once 

stable acquisition of the learning is attained, stimulus or paradigm variables are manipulated and 

performance is measured for each new task, in order to define to what extent the newly acquired 

skill transfers to untrained conditions (Goldstone, 1998; Gilbert et al., 2001; Fahle, 2002, 2005; 

Fahle and Poggio, 2002). While early studies of PL did not always clearly delineate what 

constitutes experience, be it training, practice or passive exposure to a wide variety of stimuli 

(Gawel, 1997); modern research does not distinguish between these experience types. Modern 

research has shown that both practice-induced and passive types of perceptual experience result 

in significant improvements in perceptual ability on almost any sensory task brought about by 

discrimination practice (Seitz and Dinse, 2007; Kellman and Garrigan, 2009). 

 The central aim of many studies of PL is to understand how experience with a task or 

stimulus leads to either specific or general improvements in behavior and the timing of when this 

improvement occurs. Therefore, both the time course of the behavioral improvement and ability 

of the learning to transfer to novel stimuli, tasks, conditions, or contexts have been probed to 

understand PL-dependent changes in the brain and the neuronal mechanisms that underlie this 

form of learning (discussed further in sections below). In the visual system, PL can be observed 

as improvements in discrimination of simple stimulus features such as depth, orientation, 
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position, motion detection, or texture, as well as for complex stimuli such as faces or shapes 

(McKee and Westheimer, 1978; Fiorentini and Berardi, 1981; Poggio et al., 1992; Fahle and 

Edelman, 1993; Gilbert, 1994; Crist et al., 1997; Op de Beekck and Baker, 2010). In one study, 

researchers demonstrated that practice with a three-line bisection task produces a substantial 

improvement in discrimination performance that is specific to the trained stimulus (Crist et al., 

1997). Specifically, they tested human subjects’ ability to discriminate the position of a center 

line relative to two reference lines, across 3-5 sessions per week over the course of 6 weeks. 

They found that discrimination thresholds, on average, improved 69% with experience, and that 

this improvement lasted 2 months after cessation from the exposure. In another experiment, Li 

and colleagues found that even when performing two visual discrimination tasks simultaneously, 

animal subjects showed improved performance, and this improvement correlated with changes in 

response properties of primary visual cortex (V1) neurons (2004). They trained monkeys to 

perform a combined line-bisection and vernier acuity task (three lines are placed end-to-end and 

subjects must discriminate whether the end lines different in orientation from the center line) in 

which performance thresholds improved over multiples trials. Additionally, roughly half of the 

V1 neurons responding to orientation showed significant changes in tuning according to task. 

Similarly to the behavioral improvements found in the visual system, the PL effect on behavior 

has also been shown for sensory responses in the auditory and somatosensory systems.  

 In the auditory and somatosensory systems, PL often manifests as improvements in 

discrimination of auditory frequency, auditory temporal-intervals, tactile frequency, temporal 

differences in tactile stimuli or tactile hyperacuity; training leads to expanded cortical 

representations and neuronal responses tuned to the trained stimuli (Recanzone et al., 1992; 

Recanzone et al., 1993; Sathian and Zangaladze, 1998; Atienza et al., 2002; Godde et al., 1996, 

2000). Most often the features explored in understanding PL in the auditory domain are 

frequency and temporal information, such as the order, interval or duration of stimuli. The 

prototypical paradigm for studying auditory perceptual learning is the temporal discrimination 

task (Recanzone et al., 1993; Wright et al., 1997; Fitzgerald and Wright, 2005; Tong et al., 
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2009). In this task a subject is presented with two tones separated by a standard time interval, the 

comparison stimulus has a small amount of time added to the interval, and the subject is assessed 

on whether they can discriminate between the two. A number of studies have reported that 

training leads to improved performance on this task. In one study, human subjects were tested for 

one hour daily over the course of 10days on the ability to discriminate a standard 100ms interval 

bounded by brief 1kHz tones, from randomly presented intervals of 50, 100, 200 and 500ms 

(Wright et al., 1997). Results of this study showed that over the course of testing, subjects 

significantly improved in their discrimination behavior, average discrimination thresholds 

decreasing by approximately 50%. Similar studies have been performed and shown performance 

improvements for frequency discrimination, interaural level and time differences, discrimination 

of pitch, discrimination of pitch of amplitude-modulated sound vs pure tones and even complex 

auditory spectra composed of multiple components (Irvine et al., 2000; Wright and Fitzgerald, 

2001; Delhommeau et al., 2002; Demany and Semal, 2002; Fitzgerald and Wright, 2005; Gockel 

and Colonius, 1997). Studies in the somatosensory system have shown similar improvements in 

primary sensory features as those seen in visual and auditory systems. For example, Recanzone 

and colleagues found that with repeated exposure of a tactile stimulus applied to a constant 

finger location, monkeys learned to discriminate differences in frequency of tactile vibrations in 

the range of 20-30Hz (2002). Godde and colleagues showed that repeated application of co-

activation of temporally coherent tactile stimuli over several days improved spatial 

discrimination of the two tactile stimuli, as well as resulted in a delayed recovery indicating 

stabilization of the improvement over time in both mice and human subjects (Godde et al., 1996; 

Godde et al., 2000). However, in contrast to the abundance of studies on PL in the visual 

literature and to a lesser extent the auditory and somatosensory literature, there are few studies 

that explore the behavioral and neural correlates of perceptual learning in the olfactory domain.  

 In olfaction, olfactory perceptual learning (OPL) is often viewed as an improved capacity 

to discriminate between similar odors following repeated exposure to these odorants. Not unlike 

studies of the visual, auditory, and somatosensory systems, studies of PL in the olfactory system 
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show experience-induced changes at both the behavioral and neural levels. In one early study, 

Rabin examined OPL by measuring discrimination ability between odors of single chemical 

compounds as well as discrimination between components of odors in a mixture (Rabin, 1988). 

In the study, human subjects were exposed to a series of monomolecular odorants then asked to 

either (1) discriminate between pairs of those odorants or (2) discriminate between a target odor 

and a binary mixture containing the target odor. Results showed a significant improvement in 

discrimination ability of those subjects who received prior exposure to the target odorants, 

demonstrating that experience with target odors prior to testing enhanced the ability to 

discriminate between those odors, as well as enhancing discrimination of those odors as 

components in a mixture. Furthermore, the type of experience determined the amount of 

improvement in discrimination performance (i.e. label training with the odorants improved 

performance compared to task experience prior to testing). Equivalently, Jehl et al. investigated 

the role of exposure on discrimination ability by varying the amount of exposure given to 

participant (1995). Subjects were given 0, 1, 2, or 3 exposures to sets of odorants then tested on 

their ability to discriminate pairs of the odors. They found that discrimination between odor sets 

increased with number of exposures, and that performance was greater for those with prior 

experience than those that did not receive exposure.  

 More recent animal studies have similarly shown that OPL can enhance discriminability 

of similar odorants. For example, Fletcher and Wilson (2002) used a cross-habituation paradigm 

to determine how experience-dependent learning affects discrimination of novel odors. The 

authors used homologous series of ethyl esters to probe how short odor exposure affected 

olfactory acuity; they found that esters with a 4-carbon difference in length were behaviorally 

discriminated, but they could not be discriminated if they varied in length by a single carbon, 

unless the animal had undergone an aversive conditioning procedure 24 h previously with that 

odor. Mandairon and colleagues (2006b) showed that initially indiscriminable odorant pairs can 

become discriminable after a period of exposure to a chemically- and perceptually-different 

odorant. In the same vein, a more recent study by Kass and colleagues showed that 1 week of 
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exposure to an ester improves discrimination of a previously indiscriminable aldehyde pair and 

resulted in changes to the temporal patterns of OSN input to olfactory bulb glomeruli (Kass et 

al., 2016). But the PL-induced changes in odor behavior are not isolated to improvements in odor 

discrimination ability. Studies have shown that experience with an odorant increases the ability 

to identify that odorant as a component of a mixture of other odorants (Mandairon et al. 2006e, 

Sinding et al. 2011), improves odor memory (Rochefort et al. 2002), and increases the 

discriminatory capabilities for the enriched odor and odors that have partially overlapping 

patterns of activation in the olfactory bulb (Mandairon et al. 2006a, 2006b). For example, 

Rochefort and colleagues (2002) enriched animals for 24hours daily with a series of 20 different 

aromatic over a period of either 20 or 40 days. Enriched animals were able to maintain an odor 

memory for up to 240min after the initial presentation of the odor while control animals were 

only able to maintain an odor memory 30min after the initial testing (Rochefort et al., 2002). 

Following this, a series of studies were undertaken to look at how simply enriching the olfactory 

environment of animals, without any other reinforcing stimulus, would affect olfactory behavior. 

In one, the authors showed that by enriching animals for 1 hour daily for 20 days with a pair of 

perceptually similar odorants, animals were able to discriminate the odors that prior to the 

enrichment they were unable to discriminate (Mandairon et al., 2006e). They then showed that 1-

hour daily enrichment over a period of 20 days improved the enriched animals ability to 

recognize an odor as an individual component of a binary mixture, unlike control animals 

(2006b). Both studies suggest, that even passive odor experience without any associated stimulus 

meaning, is sufficient to yield significant changes in odor perception. They then showed that 

even relatively short periods of odor enrichment are sufficient to produce long-lasting changes in 

olfactory behavior. The authors found that just 10 days of 1-hour daily enrichment was sufficient 

to improve discrimination ability of perceptually similar odor and that when tested at 2, 20 or 40 

days after cessation of olfactory enrichment, they found animals retained the improvements 2 

and 20, but not 40 days, showing that the effects of enrichment on discrimination ability are long 

lasting (Mandairon et al., 2006c). Thus both human and animal experiments demonstrate that 
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reinforced, and importantly, unreinforced experience with odors can affect subjects' perception 

of those odors and therefore an odorant's discriminability, recognition, or the memory for an 

odor.  

 

1.3 THE NEURAL BASIS OF OLFACTORY PERCEPTUAL LEARNING 

 The ability of PL to affect sensory perception, and resultantly discrimination, is likely the 

result of neuronal changes that effect the encoding of the stimulus representation. Thus when the 

stimulus is presented again, the activation of its own encoding is different from that activated by 

other stimuli, both familiar and unfamiliar. Although the neural mechanisms of PL have yet to be 

fully elucidated, increasing interest has been directed toward understanding the neural 

mechanisms underlying PL as a basis for understanding the mechanisms of learning in general. 

Since PL involves cortical areas at the early stages of sensory processing, where much is known 

about neocortical circuitry, receptive field properties, and functional architecture, a number of 

studies have been undertaken to generate models and predictions for the neural mechanisms 

underlying the acquisition and retention of the PL effect on behavior. 

 A number of previous studies have shown that experience can cause modifications of 

neuronal activity as well as structural changes to neuronal circuits. For instance, in the 

hippocampus, environmental enrichment has been shown to increase mossy fiber synaptogenesis 

in area CA3, enhance neurogenesis in the dentate gyrus, and increase spine density 

(Kempermann et al., 1997; Ramirez-amaya et al, 2001; Malik and Chattarji, 2012). Similarly, 

studies have described enlarged cortical volume, increased spine density, and increased dendritic 

morphological complexity in the cerebral cortex (Kozorovitskiy et al., 2005; Gelfo et al., 2009; 

Jung and Herms, 2014). In the olfactory bulb odor experience has been shown to reduce mitral 

cell responsiveness (Buonoviso and Chaput, 2000; Doucette and Restrepo 2008), modify the 

receptive field of mitral cells by shifting tuning curves towards the experienced odors (Fletcher 

and Wilson, 2003), and alter the levels of bulbar neurotransmitters and neuromodulators such as 

norepinephrine (Brennan et al. 1998). In fact, a few recent studies suggest that even in the 
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absence of specific learning everyday olfactory experience improves olfactory performance and 

shapes olfactory structures in human adults (Buschhuter et al., 2008; Frasnelli et al., 2010; 

Seubert et al., 2013). For example, Frasnelli and colleagues (2010) used MRI show that 

differences in OB, orbitofrontal cortex (OFC), and insula volumes are positively correlated with 

performance on measures of olfactory threshold, discrimination, and odor identification. These 

data suggest that OPL can modify odor-evoked activity and structure in olfactory regions, 

subsequently altering odor representations thereby promoting improved performance at both the 

behavioral (Cleland et al., 2002; Fletcher and Wilson, 2002; Johnson et al., 2002) and neural 

(Wilson, 2000; 2003) levels. 

 In addition, it has been proposed that OPL is the result of experience-dependent changes 

to the inhibitory circuits within the OB. Experience with olfactory stimuli has been shown to 

increase survival of adult-born interneurons in the GL and GCL and reduce cell death (Rochefort 

et al., 2002; Woo et al. 2006; Bovetti et al. 2009; Bonzano et al. 2014). Olfactory enrichment 

enhances GAD65/67 and tyrosine hydroxylase expression in GL and deeper layer interneurons 

(Moreno et al., 2009; Bovetti et al., 2009; Bonanzo et al., 2014). Enrichment also increases 

inhibitory activity between granule and mitral cells (Moreno et al., 2009). Furthermore, the 

changes in neurogenesis and inhibitory circuits are also accompanied by enhanced odor-evoked 

activity in both GL interneurons and GCs (Woo et al., 2007; Mandairon et al., 2008a). 

Additionally, a recent study suggests that experience-dependent changes in the olfactory 

epithelium may also play a role in OPL, as 1 week of exposure to an ester improves 

discrimination of a previously indiscriminable aldehyde pair, chemically different from the ester, 

and results in modest changes in the temporal dynamics of OSN responses to the unexposed pair 

of homologous aldehydes (Kass et al., 2015). The functional result of these modifications is 

proposed to arrange the neural circuitry such that the neural response becomes stronger and 

sharper with experience, increasing the overall temporal resolution of the system as well as 

producing more accurate discrimination of olfactory stimuli and improving odor memory. Shifts 

in M/T tuning and responsiveness likely enhance coding of familiar odorant features, while 
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changes in inhibition could enhance responses of either single neurons or population responses to 

enhance features for familiar stimuli. Thus the improvements in perception could be the result of 

changes in sensory representations, but are likely the result of the way that sensory information is 

read out by decision-making areas (Petrov et al., 2005; Law and Gold, 2008; Zhang et al., 2010; 

Dosher et al., 2013). Studies of PL in other sensory systems implicate both early sensory 

processing areas as well as higher association areas in PL, but the relative contributions of these 

regions are still under debate (Zhang et al., 2010; Dosher et al., 2013; discussed further below). 

Taken together these data suggest that olfactory perceptual learning is a robust phenomenon, and 

further that perceptual learning is a critical component of basic olfactory function. 

 

1.4 THE TIME-COURSE OF PERCEPTUAL LEARNING 

 One of the central goals in clarifying the neural mechanisms responsible for the PL-

induced improvements in behavioral performance has been in understanding the time-course 

over which these changes take place. Improvement in behavioral performance has been reported 

during sensory exposure after presentation of several trials (Poggio et al. 1992), but also after 

exposure over several hours (Karni and Sagi 1993), several days (Schoups et al. 1995; Schoups 

and Orban 1996) or several weeks (Yotsumoto et al. 2008). For example, it has been shown in 

human subjects that performance on a simple visual discrimination task can be significantly 

improved with as few as 10 exposures to visual stimuli in one session (Poggio et al. 1992), and in 

the auditory system, ability to discriminate complex speech sounds improved during the first 

hour of discrimination testing (Alain et al. 2007). A few tens of training trials is sufficient to 

improve a naïve subject’s discrimination ability significantly in visual, auditory and 

somatosensory discrimination tasks (Poggio et al., 1992; Rencanzone et al., 1992; Karni and 

Sagi, 1993; Fahle et al., 1995). However, in all cases these improvements in behavior are 

transient and return to baseline after a period of removal from the sensory stimuli. This short 

time course of early rapid learning is referred to as fast learning. Fast learning is characterized by 

transient behavioral improvement that is thought to result from fast neural changes, potentially 
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through rapid receptive field modulation of cortical neurons (Gilbert 1994; Kapadia et al. 1994; 

Atienza et al., 2002). This fast, rapidly saturating within session learning, tends to stall at the end 

of each daily training session (Karni and Sagi, 1993) and without continued exposure to the 

sensory stimulus, the behavioral improvement will fade away. In fact, further training within the 

same day can decrease performance, a situation termed perceptual deterioration (Mednick et al., 

2005). Yet, with continued sensory experience relatively slow but steady improvement is 

observed across daily sessions (Karni and Sagi, 1993; Schoups et al., 1995). This phase of 

gradual change must occur across several days before the subject’s performance reaches an 

asymptote. This period of slow steady learning is considered to occur with a long time-course of 

PL. This longer time-course is characterized by slower steady between-session learning with 

stable behavioral improvements occurring after sensory exposure across several days or weeks. It 

is believed that behavioral improvements after a long time course of PL result from slow neural 

changes that lead to consolidation of information in long-term memory and account for 

maintenance of the PL effect for long time periods (Karni and Sagi 1993; Atienza et al., 2002; 

Galván and Weinberger 2002). In fact, a number of studies suggest that a post-training rest 

period is critical for consolidation of the improved discrimination ability (Karni and Sagi, 1993; 

Mednick et al., 2003; Atienza et al., 2004; Walker et al., 2005). One study found that training on 

a new perceptual task immediately following a previous one, without a sufficient delay, 

interferes with consolidation of the previously learned task (Seitzt et al., 2005).  

 The significance of two different time-courses of PL was first indicated by Karni and 

Sagi (1993). They reported modest improvements in the performance on a visual texture 

discrimination task after exposure to a visual stimulus within the first testing session. However, it 

wasn’t until 8 hours after the last exposure session that significant improvements in 

discrimination ability were observed. Furthermore, once discrimination thresholds stabilized 

(after approx. 3 days of exposure), subjects retained the improvement when tested 2-3 years 

later. The authors suggest that perceptual learning effects occur along two stages, each with a 

distinct time course, and that while fast learning results from short-term plastic changes that are 
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important for setting up the task-specific routine for solving the perceptual problem, slow 

learning results from structural modification in higher order perceptual centers and require 

consolidation of the learning (Karni and Sagi, 1993). Similarly, in an auditory PL study, human 

subjects were given multiple presentations of pairs of complex auditory stimuli and measured for 

improvements in discrimination of the stimuli every 12 hours for a period of 2 days (Atienza et 

al., 2002). The authors found that subjects showed improvements in discrimination of the stimuli 

within each test session, but these improvements returned to baseline at the start of a new 

session. Stable improvements in discrimination did not persist until after a period of 36 hours. 

These early studies demonstrated two distinct temporal phases of PL that are characterized by 

differences in both neural and behavioral activity. More recent studies have further demonstrated 

this difference in time course of PL. In one study, authors measured whether a short and long 

time-course of PL resulted in differences in event-related potentials (ERPs) of 

electroencephalogram recordings in human subjects. They found rapid discrimination 

improvement upon testing within the first hour following sensory exposure on a visual task, but 

these discrimination improvements did not stabilize until the next day of discrimination testing 

(Qu et al. 2010). Furthermore, they showed specific differences in ERP changes between a short 

time-course and long time-course of PL. With a short time-course, some within-session ERP 

changes were only preserved until the next training session, while between-session changes, 

resulting from a long time course, were retained over a period of six months. Additionally, an 

fMRI study to measure changes in activity of VI as a result of a long time course of PL, similarly 

observed a two-stage improvement in behavior (Yotsumoto et al., 2008). Human subjects were 

presented with multiple presentations of two pairs of complex visual stimuli in 6 sessions per day 

and measured on their performance daily for 4 weeks. It was found that discrimination 

improvements appeared on day 2 but returned to baseline at the start of each session and did not 

stabilize until day 10. However, after stabilization the improvements were retained for 4 weeks. 

Furthermore, the initial behavioral improvement correlated with increased activity in V1, but the 

enhancement of V1 activity returned to pre-learning levels. These results are consistent with 
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findings seen also in the somatosensory system (Sathian and Zangaladze, 1997) and suggest a 

model in which a short time-course of PL results from initial fast changes in neural plasticity that 

are crucial for the learning to take place, but a longer time course results from consolidation of 

these changes in order for the learning to maintain without further sensory experience.  

 It has been suggested that in this two phase model for the time-course of PL, the fast 

learning phase occurring with a short time-course is important for establishing and maintaining 

neural processing routines for the perceptual task. This processing usually occurs at the 

beginning of training and is believed to involve neural changes for the task stimuli. For example, 

fast learning after a short time-course of PL has been theorized to result from increased numbers 

of or strength in synaptic connections, as evidenced by ERP changes in amplitude and peak 

latencies in specific EEG recording sites during fast learning of PL (Qu et al., 2010), by 

increased fMRI signal in visual cortex that paralleled increased behavioral performance 

(Yotsumoto et al., 2008), by increased oscillations and synchrony in auditory cortex (de Souza et 

al. 2013), as well as by modulation of cortical receptive fields (Atienza et al. 2002, Fritz et al. 

2003). In a study of auditory PL using human subjects, authors showed that neurophysiological 

changes in ERP recordings of auditory cortex occurred immediately following the first day of 

learning an auditory discrimination task (Tremblay et al., 1998). The authors theorize that the 

fast learning improvements were a result of synchrony in populations of cells responding to the 

experienced auditory stimuli; and that with PL the ensemble of cells responding to the stimuli 

began to establish distinct patterns of response, resulting in the stimuli becoming behaviorally 

discriminable. In contrast, a long-time course of perceptual learning (i.e. prolonged sensory 

experience over multiple sessions) has been characterized by stable changes in network 

responses that last long after cessation of the exposure. These changes are believe to involve 

consolidation and transfer of short-term modification from early sensory areas to higher cortical 

areas (Karni and Sagi 1993), reorganization of topographic maps (Polley et al. 2006, Yotsumoto 

et al. 2008), consolidation of receptive field changes (Atienza et a.l 2002), or synaptic 

downscaling such that only synapses relevant to the task are retained (Qu et al. 2008). These PL-
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induced changes, which reflect long-term plastic changes in the brain, develop over days and can 

be preserved for at least several months or even longer. However, short time course effects can 

only be consolidated into long time course effects if training or exposure is not interrupted for a 

long period of time. Once the training is discontinued, it will fade away, and retraining is needed 

to rebuild the routine. It is probable then that these two time-courses of learning represent a 

balance between an information-processing mode and a storage mode. In the early stages of PL, 

neural processing involves adaptive neural changes to sensory stimuli, likely modulating the 

representation of sensory stimuli such that behavioral demonstration of these changes takes 

place. However, long-term experience, across consecutive sessions, is required for the 

transformation of these adaptive changes into long-term neural changes and consolidation to 

long-term memory, such that higher cognitive retrieval systems recognize this information as 

meaningful and sufficient to execute behavioral change and promotes the long-term retention of 

the behavioral improvement.   

 In olfaction, it is even less clear how behavioral performance and neural activity change 

as a function of the time course over which perceptual learning takes place. Although olfactory 

perceptual learning (OPL) may also share similarities in the time course of PL with the other 

sensory modalities, direct evidence for this has not yet been shown. Early studies of OPL 

focused primarily on establishing a behavioral effect and measuring the neurophysiological 

changes underlying the improvements in behavior. For instance, Fletcher and Wilson (2003) 

showed that in anesthetized rats, prolonged exposure to an odorant (50s) suppressed M/T odorant 

receptive fields and by 60min after the 50s exposure, the receptive field shifted to increase 

responsiveness toward the exposed odor. Similarly, Li and colleagues used, what they term, a 

habituation paradigm to show that prolonged exposure to a target odorant (3.5 min) enhanced the 

ability of human subjects to differentiate odorants similar in odor quality or functional group, 

and that this enhanced perceptual differentiation was paralleled by increased fMRI responses in 

piriform cortex and orbitofrontal cortex (2006). Specifically, during fMRI scanning, subjects 

smelled a target odorant and rated its similarity to odors sharing odor-quality related attributes or 
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functional-group related attributes 30min before and 30min after a 3.5 min habituation exposure 

to the target odorant. They found that subjects show improvements in ability to differentiate 

related odors from the target odor immediately following odor exposure, and that the learning 

effects last up to 24hr. However, a number of previous studies in other sensory modalities have 

shown that PL effects can last months to years later. Therefore, it remains unclear how sensory 

plasticity and behavior changes as a function of the time course over which OPL takes place. 

Furthermore, neither study is able to address whether the observed neural changes are a result of 

both the fast and slow PL-associated neural changes seen in other studies. In another example, 

rodent studies on OPL have shown that after long term olfactory enrichment (10 or 20 days) 

animals are able to discriminate chemically similar odors that they were unable to discriminate 

prior to the enrichment period; and that these improvements likely reflected increased inhibition 

to the olfactory bulb network (Mandairon et al. 2006a, b; Moreno et al. 2009). Furthermore, 

when discrimination ability was tested at 2, 20 and 40 days after cessation of olfactory 

enrichment, they found animals retained the improvements at 2 and 20, but not 40 days after 

cessation of olfactory enrichment, showing that the effects of enrichment on discrimination 

ability are relatively long lasting (Mandairon et al. 2006a). Although, this study explores the 

long-term effects of OPL, it doesn’t explore the changes associated with a short time course of 

perceptual learning (i.e. effects of sensory exposure over few sessions). Yet, because the effects 

of fast and slow learning that occur as a result of either a short or long time-course of PL may be 

intermixed in behavioral measures, it is difficult to separate these effects if not explicitly tested.  

 To date no published study has examined the neural and behavioral changes associated 

with a short and long time-course of olfactory perceptual learning in the same experiment. Given 

that PL in other sensory systems has been shown to be comprised of two distinct phases in which 

there is an initial increase in both performance and neural activation, followed by a performance 

saturation and maintenance phase, in which the neural activation that occurs during the first 

phase is no longer related to the maintenance of performance; it is likely then that PL in the 

olfactory system follows similar patterns. However, a direct comparison of a short time-course 
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and long time-course of olfactory perceptual learning is still lacking. This raises the question as 

to whether the dynamics of performance and neural activity in olfactory perceptual learning also 

manifests according to the temporal phases of time course as seen in other systems. Furthermore, 

results could support models suggesting that a short time-course of PL results from initial fast 

changes in neural plasticity that are crucial for the learning to take place, but a longer time course 

results from consolidation of these changes in order for the learning to be maintained without 

further sensory experience. Therefore, in Chapter 2, I will explain the experimental design that 

examined behavioral performance and changes in neurogenesis (see next section) that occur over 

a short and long time course of OPL to determine whether the perceptual improvements resulting 

from OPL are dependent upon the length of time over which the learning takes place, and if 

retention of the behavioral improvement depend upon the time course of OPL. 

 

1.5 NEUROGENESIS AND OLFACTORY PERCEPTUAL LEARNING 

 In most structures of the mammalian CNS, neurons are produced during a specific 

window of the embryonic period, after which the generation of new neurons ceases. In contrast, 

the olfactory bulb is one of two confirmed regions in many mammalian species that continues to 

recruit and integrate new neurons throughout adulthood (Lois and Alvarez-Byulla, 1993; Luskin, 

1993; Yamaguchi and Mori, 2005; Carleton et al., 2003). Neurogenesis is the process by which 

neural stem cells and progenitor cells in the subventricular zone (SVZ) of the lateral ventricles 

continuously creates neuroblasts that give rise to two main types of neurons that migrate to and 

integrate into the adult OB: granule cells (GCs) and periglomerular (PG) cells. 

 Adult-born neurons of the OB arise from neural progenitors in the SVZ; astrocytes in the 

SVZ act as slow-dividing neural stem cells continually generating a progeny of neural precursors 

(Doetsch et al., 1999; Laywell et al., 2000). The resulting neuroblasts migrate tangentially 

towards the OB via the rostral migratory stream (RMS) in tubular chains formed by astrocytes 

(Luskin, 1993; Lois and Alvarez-Buylla, 1994). More than 30,000 neuroblasts migrate through 

the RMS to the OB daily, where upon arrival they detach from the chains and continue to 
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migrate radially towards the granule cell or glomerular layers respectively and mature into local 

interneurons (Carleton et al., 2003). Newly generated cells become more complex within the first 

few weeks after their birth. Comprehensive morphological descriptions detail the stages of 

interneuron maturation into classes consisting of migration, dendrite formation, synaptogenesis, 

and connections with projection neurons (Petreaneu and Alvarez-Buylla, 2002; Yamaguchi and 

Mori, 2005; Kelsch et al. 2008). As they mature, both cell types make elaborate connections with 

mitral/tufted cells that are critical for the processing of olfactory sensory information. In fact, 

upon their integration into the OB network it has been shown that these cells are involved in 

complex olfactory behaviors such as odor discrimination, odor memory formation, and odor 

learning (Carlén et al., 2002; Petreaneu and Alvarez-Buylla, 2002; Carleton et al, 2003; Abraham 

et al., 2011; Lazarini and Lledo, 2011).  

 Though neurogenesis is believed to add another level of neuronal plasticity to the OB 

circuit, that acts in parallel to conventional mechanisms of plasticity, the specific role of 

postnatal neurogenesis on olfactory processing is still not fully understood. So far, evidence 

suggests that neurogenesis plays an important role in olfactory processing and has been 

repeatedly shown to play a major role in a number of olfactory learning paradigms (Cecchi et al. 

2001, Carleton et al. 2003, Mandairon et al. 2008a,b, Breton-Provencher et al. 2009, Moreno et 

al. 2009, Abraham et al. 2010, Alonso et al. 2012). One theory for the role of neurogenesis in the 

OB is to provide a high level of plasticity and adaptation to systems that must contend with 

continually complex and changing sensory information. Adult-born neurons have been shown to 

provide a high level of plasticity to the olfactory bulb due to their continuous generation 

(Petreaneu and Alvarez-Byulla, 2002), ability to show LTP well after their maturation and 

integration (Livneh and Mizrahi, 2011a), increased intrinsic excitability (Nissant et al., 2009) and 

unique pattern of synaptogenesis (which ensures that control of adult-born granule cell activity 

precedes onset of GC inhibitory output signal; Kelsch et al, 2008). In vivo calcium imaging has 

shown that adult-born PGs begin to express spontaneous and odor-evoked responses soon after 

their arrival in the OB network (Kovalchuk et al., 2015). Additionally, adult-born neurons 
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maintain dynamic ability in spine formation and regulation well after maturation, as well as 

display higher synaptic density than pre-existing interneurons (Livneh and Mizrahi, 2011a). It 

has also been shown that environmental changes such as sensory deprivation (Corotto et al. 

1994; Petreanu and Alvarez-Buylla 2002; Yamaguchi and Mori 2005), odor enrichment 

(Rochefort et al., 2002) and associative learning (Alonso et al. 2006; Mouret et al. 2008; Kermen 

et al. 2010; Sultan et al. 2010) involve modifications of neurogenesis levels. Furthermore, in vivo 

experiments found that a disruption to the excitation/inhibition balance received by M/Ts 

deregulates the ability of animals to discriminate between odors (Lepousez and Lledo, 2013). 

Therefore, these data suggest that adult-born neurons are constantly modifying the existing 

network, allowing the OB to adapt to an ever-changing odor environment. 

 In addition to morphological studies, functional and behavioral studies provide evidence 

that the inhibitory interactions between adult-born interneurons with M/T cells throughout the 

OB are integral components of local OB microcircuits. These inhibitory interactions act to sculpt 

the odor information output of M/T cells to secondary cortical regions and affect a number of 

olfactory behaviors (Chen et al., 2000; Urban, 2002; Egger and Urban, 2006; Beshel et al., 2007; 

Arevian et al., 2008; Migliore and Shepherd, 2008; Kato et al., 2013; Yu et al., 2013; Labarrera 

et al., 2014; Miyamichi et al., 2014). For instance, manipulation of neurogenesis levels in the OB 

revealed that bulbar neurogenesis is required for olfactory fear-conditioning (Valley et al., 2009), 

odor discrimination (Abraham et al., 2010), long-term olfactory memory of associative olfactory 

learning (Lazarini et al., 2009; Sultan et al., 2010) and olfactory perceptual learning (Moreno et 

al., 2009). Along the same vein, behavioral studies have shown neurogenesis to be important in a 

number of olfactory learning paradigms such as associative learning, fear conditioning, odor 

discrimination, and odor memory (Cecchi et al. 2001; Rochefort et al., 2002; Mandairon et al. 

2008; Breton-Provencher et al. 2009; Moreno et al. 2009; Valley et al., 2009; Abraham et al. 

2010; Curlik et al. 2011; Alonso et al. 2012). Yet there still remains considerable debate 

surrounding the functional contributions of neurogenesis to olfactory learning. Its role in 

olfactory perceptual learning, in particular, is still unclear.  
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 Perceptual learning is most often regarded as the behavioral manifestation of experience-

dependent plasticity in sensory systems (Karni and Sagi, 1991; Goldstone, 1998; Gilbert et al., 

2001; Watanabe et al., 2001;Fahle and Poggio, 2002). It is associated with changes in receptive 

fields of neurons, increases in the size of the neural representation (such that the number of 

neurons responding to a particular stimulus increases as performance on the behavioral task 

improves), and changes in the temporal coding of perceptual systems (Gilbert et al. 2001; 

Schoups et al. 2001, Ghose et al. 2001; Fletcher and Wilson, 2002; Kass et al., 2015). Given that 

adult-born neurons have been shown as being critical to bulbar plasticity and inhibitory 

processing in the bulbar microcircuit, as discussed above, it is reasonable then that neurogenesis 

provides a level of plasticity for olfactory perceptual learning to take place. In fact, one way 

adult-born GCs are thought to facilitate perceptual learning is by decorrelating representations of 

similar stimuli (Sahay et al., 2011; Chow et al., 2012; Zhou et al., 2016). Decorrelation has been 

has been observed experimentally in the OB (Friedrich and Laurent, 2001; Friedrich and 

Laurent, 2004; Friedrich et al., 2004) and repeatedly shown to be an important bulbar 

computation for odor information processing (Linster and Cleland, 2010; Giridhar et al., 2011; 

Cleland and Linster, 2012; Chow et al., 2012 Wiechert et al., 2010). The persistent addition of 

new inhibitory neurons to the bulbar network has been proposed as a mechanism to adaptively 

restructure the network and alter its encoding of odor stimuli so as to reduce the correlations 

between the representations of similar stimuli. In support of this, recordings in awake-behaving 

mice have shown that direct optogenetic activation of adult-born neurons enhanced olfactory 

discrimination learning, but only for discrimination of perceptually similar odorant pairs (Alonso 

et al., 2012). Furthermore, the authors showed that 40-Hz light activation of adult-born neurons 

inhibited both spontaneous and odor-evoked mitral cell firing activity in weakly activated mitral 

cells and favored the response of highly active neurons (Alonso et al., 2012). Computational 

models show that with previous odor experience adult-born neurons produce synchrony in M/T 

cells and increase lateral inhibition to non- or weakly-active mitral cells (Giridhar et al., 2011; 

Chow et al., 2012), as well as increasing sparseness in the mitral cell network in response to new 
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odors that is accompanied by changes in synaptic weighting between M/T and GCs (Zhou et al., 

2016). These data then suggest that neurogenesis is sufficient to allow perceptual learning by 

changing the odor encoding so as to decrease the similarity between perceptually similar stimuli 

and enhance their discriminability. 

 Indeed, an important mechanism of perceptual learning is for sensory percepts to become 

increasingly differentiated from each other, by this differentiation, stimuli that were once 

perceptually fused become separated and can be discriminated (Goldstone, 1998). Therefore 

sensory experience can modify perception through differentiation of stimulus features, as well as 

dimensions, or categories (Gibson and Walk, 1956; Goldstone, 1998; Schyns et al. 1998; Gilbert 

et al. 2001); which has been shown to primarily occur in early sensory cortices (Gilbert et al. 

2001). Yet, while behavioral demonstrations of perceptual learning have been more prevalent, 

only recently have the neural mechanisms underlying perceptual learning become more clearly 

understood. In fact, as the neural basis for PL has been suggested to depend upon plastic changes 

in the sensory cortices, neurogenesis then, provides a neural substrate for adapting the bulbar 

network for allowing OPL to shape olfactory behavior.  

 Another mechanism through which neurogenesis might play a role for perceptual 

learning to occur, is that adult-born neurons provide a high level of inhibitory processing crucial 

for shaping odor representations. For example, in a 2009 study by Breton-Provencher and 

colleagues showed that infusion of the anti-mitotic drug AraC into the lateral ventricle ablated 

neurogenesis in adult mice and strongly decreased inhibition received by M/Ts (Breton-

Provencher et al., 2009). AraC infusion reduced the frequency of miniature IPSCs received by 

MCs and decreased the frequency of gamma oscillations concurrently with decrease in adult-

born GC survival. In addition, Livneh and colleagues (2014) showed that adult-born neurons’ 

responsiveness increased and peaked at 4 weeks after cell birth, at which point, the receptive 

field is broader and then sharpens in an experience-dependent manner as they mature. This 

heightened capacity for plasticity and enhanced responsiveness of adult-born neurons has been 

shown to serve their competitive survival, increase network plasticity and may also be important 
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for sensory coding and odor discrimination learning (Mouret et al., 2008; Lepousez et al., 2013). 

Furthermore, a number of studies have correlated perceptual improvements in olfactory 

discrimination with increased inhibitory responsiveness of neural networks (Cecchi et al., 2001; 

Buonviso and Chaput, 2000; Mandairon et al., 2006a, 2008; Beshel et al., 2007; Moreno et al., 

2009; Abraham et al., 2010; Alonso et al., 2012). For example, selective deletion of the GluA2 

subunit of granule cell AMPA receptors increased calcium influx and GABA release from GCs, 

which led to increased inhibition to M/Ts and accelerated discrimination of similar odor mixtures 

(Abraham et al., 2010). In another example, olfactory enrichment for 10 days improved 

discrimination of perceptually similar odors that was accompanied by increases in the density of 

zif268-labeled granule cells, an immediate early gene whose expression is driven by sensory 

activity (Mandairon et al. 2008); increased survival of adult-born GCs; enhanced GAD65/67 

expression (the GABA synthesizing enzymes); as well as increases in the strength of inhibition 

between GCs and M/Ts (Moreno et al., 2009). Likewise, it has been suggested that the 

modulation of the neural representation of enriched odors after enrichment results from increased 

inhibitory responsiveness of GCs (Magavi et al., 2005; Mandairon et al., 2008); and/or increased 

number of GCs due to decreased cell death (Woo et al., 2006). In support of this, computational 

modeling proposes that GCs (Mandairon et al., 2006a) and, in particular, adult-born granule cells 

(Giridhar et al., 2011; Chow et al., 2012) facilitate perceptual learning by increasing reciprocal 

inhibition of co-active mitral cells, as well as, by increasing lateral inhibition to non- or weakly-

active mitral cells; thus enabling M/T synchrony and producing oscillations in the OB network 

that lead to increased perceptual discrimination. Most revealingly, Moreno and colleagues (2009) 

showed that neurogenesis is required for perceptual learning to occur. They found that 

enrichment for 10 days increased animals’ ability to discriminate previously indiscriminable 

odors, and that blockade of neurogenesis via AraC infusion disrupted the improvement in 

discrimination resulting from enrichment. Taken together, these findings provide the basis for a 

model of OB neurogenesis as being critical for OPL by providing increased inhibitory 

responsiveness to bulbar networks and modulation of M/T cell response to shape odor 
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representations.  

 Yet, while neurogenesis likely provides a level of plasticity allowing OPL to take place, 

sensory experience reciprocally remains an important regulator of the process of neurogenesis. 

Activity-dependent factors regulate many aspects of bulbar neurogenesis including synapse 

formation and the survival of new neurons (Petreanu and Alvarez-Buylla, 2002; Yamaguchi and 

Mori, 2005; Alonso et al., 2006; Mandairon et al., 2006c; Mouret et al., 2008; Kelsch et al., 

2008, 2009; Bovetti et al., 2009; Livneh and Mizrahi, 2011b). Only 50% of adult-born GCs 

successfully integrate into the OB circuit and survive for extended periods of time and abundant 

evidence indicates that neuronal activity is important in determining cell survival. Studies have 

shown that activity-dependent survival is controlled when the cells are between 2 and 4 weeks 

old (Mouret et al., 2008). Petreanu and Alvarez-Buylla showed that there is an early wave of cell 

death of adult-born GCs 15-45 days after their arrival to the olfactory bulb (2002). Yamaguchi 

and Mori further explored this period of early cell death to show that survival of adult-born GCs 

is regulated by sensory activity during a critical period 14-28 days after birth (2005). Sensory 

activity occurring during the critical period increases survival of adult-born GCs (Woo et al., 

2006; Mandairon et al., 2008; Mouret et al., 2008), while sensory deprivation reduces adult-born 

GC survival (Mandairon et al., 2003; Yamaguchi and Mori, 2005). Additionally, learning an 

associative task during this period of cell death has been shown to rescue cells that may 

otherwise have died (Alonso et al., 2006; Mouret et al., 2008; Belnoue et al., 2011; Sultan et al., 

2010, 2011). Survival is also significantly increased when animals are subjected to OPL (Moreno 

et al., 2009). These data suggest that olfactory experience (through enrichment or associative 

learning) occurring during the critical period is important for regulating integration and survival 

of adult-born neurons, which, in turn contributes to experience-dependent changes in perceptual 

ability as described above.   

 The activity-dependent wiring of adult-born GCs relies on the ability of adult-born 

neurons to connect presynaptic elements from M/T-cells and from top-down inputs (Livneh and 

Mizrahi, 2011, Chow et al., 2012,Lepousez et al., 2013). The timing of when adult-born GCs 
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receive this sensory activity during their synaptic development is important for regulating their 

survival and integration, ultimately affecting experience-dependent changes in perceptual ability 

(Kelsch et al., 2008, 2009). Activity-dependent synaptic remodeling peaks between 1 and 2 

months after birth (Livneh and Mizrahi, 2011b), and it is during this period that adult-born 

neurons receive inputs from cortical and subcortical areas that likely convey important top-down 

information regulating survival (Martin et al., 2004; Livneh and Mizrahi, 2011a, 2011b; 

Lepousez et al., 2013). During the process of maturation and integration into the bulbar circuitry, 

adult-born GCs display rapid, yet, differential development of input (glutamatergic) and output 

(GABAergic) synapses. Retroviral injection in the SVZ of PSD95:GFP and synaptophysin:GFP, 

which labeled glutamatergic/input synapses and presynaptic/output synapses respectively, found 

that development of the input synapses at the proximal domain of adult-born GC dendrites 

preceded development of input and output synapses at the distal domain by several days (Kelsch 

et al., 2008). Input synapses appeared on the proximal domain 14 days post injection (d.p.i.) and 

by 28 d.p.i. reached their final density at all dendritic domains. Output synapses, which are only 

located at the distal dendritic domain where they make dendrodentritic connections with MCs, 

begin developing at 17 d.p.i. and by 28 d.p.i. reach their final density (Kelsch et al., 2008; Figure 

1.3). Additionally, this same lab showed that synaptic development follows a critical period 

paralleling that of GC survival (14-28 days) and that sensory deprivation occurring during this 

critical period, before completion of synaptic development, impairs the formation of inhibitory 

output synapses and modulates the density of input synapses (Kelsch et al., 2009). Before or after 

this critical period, the survival and dendritic growth of new GCs is independent of sensory input 

(Petreanu and Alvarez-Buylla, 2002; Mouret et al., 2008). Therefore, an olfactory enrichment 

period occurring during this critical period would likely play an important role in modifying 

synaptic development and neuronal connectivity of adult-born GCs, ultimately affecting their 

survival. Given this, I hypothesized that an enrichment period lasting 5 days (which would 

correspond to Day15-Day19 of the critical period), when there is a high density of input synapses 

but output synapses are only starting to develop (Kelsch et al., 2008), may be sufficient to see 
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transient behavioral improvements in discrimination potentially as a result of short-term changes 

in synapse formation, synaptic plasticity, and/or the increased intrinsic excitability of adult-born 

GCs (Kelsch et al., 2009; Nissant et al., 2010). However, an enrichment period lasting 5 days 

may not be sufficient to modulate adult-born GC survival or produce long-lasting improvements 

in perceptual discrimination, as this period of sensory enrichment was not long enough to last 

through the period of synapse stabilization and therefore not sufficient to regulate survival. In 

contrast, an enrichment period lasting 10 days (corresponding to Day15-Day24 of the critical 

period), which occurs throughout the period of stabilization for input synapse and increased 

output synapse formation, may increase survival of adult-born GCs and result in long-lasting 

effects potentially as a result of integration of adult-born cells into the bulbar network. 

 However, it is unknown how much enrichment is necessary for olfactory perceptual 

learning to occur and there are a number of questions as to how short-term enrichment (which I 

am defining as the minimum number of days necessary to see an effect on behavior) would affect 

olfactory performance: would it affect the duration of the enrichment effect, what mechanisms 

govern the behavioral effect between short and long term enrichment, does it modulate survival 

of adult-born GCs? Preliminary studies showed that 5 days is the minimum duration of 

enrichment necessary to see improvements in olfactory behavior. Yet, even though olfactory 

Figure 1.3. Timeline of adult-born GC development including timeframe for experimental testing of 
enrichment effects on olfactory behavior. It takes 14 days for adult-born granule cells to migrate to the 
olfactory bulb. The critical period for adult-born GC survival and synapse formation is 14-28 days after birth. 
Input synapse appear on day 14 and reach final density by day 28, while output synapses appear on day 17 
and reach final density on day 28. This also corresponds to the period when adult-born GCs display LTP 
that slowly fades with maturation. Includes timeframe for olfactory testing and olfactory enrichment that is 
described below.  
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experience has been shown to shape olfactory perception and memory, how olfactory experience 

changes the olfactory bulb networks is still relatively unclear. In Chapter 2, I will explain the 

experimental design that explored the time course of olfactory perceptual learning and provide 

evidence to support whether an enrichment period of 5 days (short-term enrichment) modulates 

survival of adult-born GCs and whether it contributes to a short-term or long-term preservation 

of the perceptual learning effect.  

 

1.6 TRANSFER OF PERCEPTUAL LEARNING 

 Training-induced improvements in performance on perceptual tasks do not inherently 

imply perceptual learning. Other forms of learning, such as those that establish task rules, 

associations and strategies, can similarly yield significant improvements in performance 

(Watanabe et al., 2001; Law and Gold, 2009). PL, however, is distinct from other forms of 

learning because it involves improved perceptual acuity independent of cognitive, motor, or 

other non-perceptual factors (Fahle and Poggio, 2002). Furthermore, PL is now recognized to 

involve improved sensory processing independent of associated stimulus meaning and can occur 

in the absence of attention towards or even perception of the trained stimulus (Seitz and 

Watanabe, 2009; Byers and Serences, 2012). However, one of the difficulties in defining 

perceptual learning is that it can occur under a wide range of conditions that are likely the result 

of an equally diverse set of neural changes (Tsushima and Watanabe, 2009). As a result of this 

many questions remain unanswered about the neuronal computations and principles that govern 

perceptual learning. Yet, one of the most highly debated and functionally important questions 

into the principles of PL is the question of how specific is the improvement achieved through 

perceptual learning, and how much can it generalize.  

 Although perceptual learning occurs in various perceptual tasks with repetitive exposure 

to the same stimulus and task conditions, it has long been considered that a key characteristic of 

PL is that the improved perceptual skill is usually highly specific to the conditions used for 

training, a phenomenon known as the specificity of perceptual learning (Goldstone, 1998; Gilbert 
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et al., 2001; Fahle, 2005). The learning is often highly specific to the training conditions, stimuli, 

context or tasks used in which the improved perceptual skills obtained from training on different 

stimuli and tasks rarely interfere with each other, as well there is little transfer of learning effect 

from a learned task and stimulus to a new task and stimulus. One has to undergo a new training 

process in order to improve under the changed conditions (Ahissar et al., 1998; Seitzt et al., 

2005). In the visual system this lack of transfer of learned attributes, or specificity, has been 

reported for retinal position, stimulus orientation, size, spatial frequency, and motion direction 

(Ball and Sekuler, 1982, 1987; Crist et al., 2001; Fahle & Poggio, 2002; Fiorentini and Berardi, 

1980,1981; Schoups et al., 1995). For example, one study found that after several weeks of 

training, participants significantly improved in their performance when presented with three 

parallel lines and asked whether the center line was closer to the left or right reference line. 

However, this improvement was not observed when participants were tested with novel 

orientations and positions (Crist et al., 2001). Similarly, in the auditory system specificity of PL 

has been shown for the temporal domain using auditory interval discrimination tasks, amplitude-

modulation, and spectral modulation detection (Wright et al., 1997; Kurt and Ehret, 2010; 

Fitzgerald and Wright, 2011; Sabin et al., 2012). Human subjects were asked to discriminate 

differences in a standard time interval between two tones from longer intervals and it was shown 

that improvement of one temporal-interval discrimination (100ms) does not transfer to 

discrimination of other intervals (50ms, 200ms, or 500ms) (Wright et al., 1997; Karmarkar and 

Buonomano, 2003). Additionally, auditory improvements in discrimination of amplitude-

modulation (AM) rate (where changes in the rate of an AM signal can elicit changes in pitch) 

does not transfer to AM detection, frequency discrimination, or temporal-interval discrimination 

(Fitzgerald and Wright, 2005; van Wassenhove and Nagaraian, 2007).  

 This lack of transfer of PL is commonly divided into three types. First, PL is specific to 

the conditions of training. For example, it has been demonstrated that visual perceptual learning 

(VPL) is restricted to the specific location in the visual field where the task stimulus is presented 

(Ball and Sekuler, 1987; Berardi, and Fiorentini, 1987; Karni and Sagi, 1991; Fahle et al., 1995; 
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Schoups et al., 1995; Ahissar and Hochstein, 1996; Crist et al., 1997; Sigman and Gilbert, 2000). 

As the stimulus is moved away from the originally trained location, the observer’s performance 

gradually returns to pre-training levels (Crist et al., 1997). Similarly, VPL in some visual tasks is 

specific to the eye being trained. For example, monocular training of a vernier discrimination 

task improved task performance to a significantly larger degree for the trained eye than for the 

untrained eye (Fahle et al., 1995). Additionally, if only one eye is exposed to the task stimuli and 

the other eye is occluded, during a texture discrimination task, VPL does not transfer to the 

untrained eye (Karni and Sagi, 1991). Second, perceptual learning is specific to the stimulus used 

for training. For example, performance on a bisection discrimination task significantly improved 

with practice, but a 90° rotation of the stimulus greatly diminished the learning effect (Crist et 

al., 1997). Importantly, changes from the experienced stimulus in simple stimulus features such 

as orientation (Fiorentini and Berardi, 1980; Schoups et al., 1995; Ahissar and Hochstein, 1996; 

Crist et al., 1997; Sigman and Gilbert, 2000), direction (Ball and Sekuler, 1982), frequency 

(Fiorentini and Berardi, 1980; Yu et al., 2004), size (Ahissar and Hochstein, 1996), or even 

stimulus context (Crist et al., 2007), diminishes or abolishes the learning effect. Third, perceptual 

learning is specific to the particular perceptual task being practiced. Improved perceptual ability 

after training on one task does not usually generalize to other untrained tasks, even if the visual 

stimuli are very similar (Fahle and Morgan, 1996; Fahle, 1997) or completely identical (Ahissar 

and Hochstein, 1993; Saffell and Matthews, 2003). For example, practice on a direction-

discrimination task did not transfer to a speed-discrimination task when identical stimuli were 

used in both discrimination tasks (Saffell and Matthews, 2003). Thus, because ‘early’ stages of 

sensory processing tend to be more specific for low level features such as position and visual 

orientation of a stimulus or auditory frequency and intensity, it was concluded that PL specificity 

is consistent with the characteristics of neurons in areas early in the sensory pathways with small 

receptive fields and responses to primitive stimulus features (Sagi and Tanne, 1991; Fahle and 

Poggio, 2002); leading to the theory that a high specificity of PL fits better with a neuronal 

substrate at early cortical levels, while transfer of the learning across stimuli, task, context or 
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condition is representative of changes in higher cortical regions. However, a growing body of 

research challenges this early model of specificity of PL.  

 A number of more recent studies have indicated that there are some situations in which 

perceptual learning may transfer quite well to other related conditions, stimuli, or tasks. For 

example, a number of “real-life” examples where training on complex tasks, such as aerobic 

activity (Hillman et al., 2008), participation in sports (Mann et al., 2007), music training 

(Moreno and Farzan, 2015), or playing action video games (Green and Bavelier, 2012), result in 

significant learning transfer. Additionally, there are examples of transfer of learning using 

traditional PL tasks and stimuli. One such study showed that the extent of the transfer of 

performance improvement from the trained to untrained orientations may depend on the degree 

of task difficulty (Ahissar and Hochstein, 1997). In the olfactory system, discrimination of a pair 

of perceptually similar odorants is improved by enrichment with the same odorants as well as 

odorants that activate regions of the olfactory bulb that overlap in activity with the discriminated 

pair (Mandairon et al. 2006b); suggesting that transfer of PL may also depend on stimulus 

similarity. More recent studies have implicated a role of stimulus complexity (McGovern et al., 

2012), training time (Jeter et al., 2010), and characteristics of the transfer tasks (Jeter et al., 2009) 

in determining the specificity or generality of learning. For instance, Jeter and colleagues (2009) 

demonstrated that task precision, rather than task difficulty, determined the level of transfer in 

perceptual learning. Specifically, they manipulated the precision between initial training and 

transfer tasks to show that improvements are specific to the trained conditions for high, but not 

low precision transfer tasks. Hung and Seitz (2014) argue that transfer of PL arises from task 

procedures and that the proportion of difficult/precise stimuli used during training shapes the 

specificity of PL. Other studies have shown that the length of training has an impact on the 

degree of transfer, wherein transfer is more likely to occur with few training sessions (Jeter et al., 

2010; Mastropasqua and Turatto, 2015) and when those sessions have few trials (Aberg et al., 

2009). They suggest that this pattern of transfer may arise through the dynamics of long-term 

potentiation (Aberg and Herzog, 2012). However, while these studies provide evidence that 
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transfer after training may be more universal than originally thought, no study has yet identified 

when and why training will lead to transfer and when it will not. Furthermore, recent studies 

using novel double training procedures, wherein training on one feature dimension (such as 

stimulus contrast) in one retinal location, and additional training with a second feature/task (such 

as stimulus orientation) in a second location, either simultaneously or at a different time, have 

consistently shown transfer of learning to untrained locations regardless of task precision or 

difficulty (Xiao et al., 2008; Wang et al., 2012, 2014). The results of these and other recent 

studies (Zhang et al., 2010; Harris et al., 2012; Zhang et al., 2013;) have challenged long-

established models of specificity of PL and suggest that appropriate training or experience can 

allow for functional connections to be formed that support the application of these learned rules 

to untrained contexts, tasks or stimuli. 

 Yet, understanding the determinants of specificity and transfer remains one of the large 

outstanding questions in the field of PL. Research conducted in the late 1990s and early 2000s 

were the first to indicate that transfer of PL occurs more readily than previously thought. It was 

suggested that the transfer of learning in one condition, context or task might facilitate learning 

in another if the neural processes affected by the learning contribute to performance in both 

conditions, particularly when the mechanisms for inducing learning are similar. For example, 

one such study found that learning on a frequency discrimination task for tones of 200ms 

transferred fully to discrimination of tones of 100ms but only partially for tones of 40ms 

(Delhommeau et al. 2002). They suggest two mechanisms may be responsible for the transfer of 

learning: (1) that frequency discrimination for tones of long duration (100-200ms) may rely on a 

temporal code based on timing of neuronal firing in the auditory nerve, while short durations 

(40ms) relies on a place code based on the spatial pattern of activation on the cochlea for tones of 

different frequencies and (2) that frequency discrimination involves the same mechanism at all 

durations but that tones of different durations excite different but overlapping neuronal 

populations and the populations activated for 200ms and 100ms tones have more overlap than 

those activated by 40ms tones. Subsequently a number of studies have presented various models 
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of perceptual learning mechanisms. One model, known as representation modification, states that 

learning occurs through changes in the properties of neurons at early levels of the sensory cortex 

(Karni and Sagi, 1991; Schoups et al., 2001). In this model, transfer of learning occurs as 

different neural circuits are engaged and modified according to their selectivity for the learned 

condition or stimulus, such that the neural circuits that are engaged and modified are those most 

suited for accomplishing the desired goal (Ahissar and Hochstein, 1996). For instance in the 

visual system, improvement of difficult discriminations depends on modification of neurons that 

are finely tuned to orientation, while modifications in easy conditions involves processes that do 

not need fine tuning to stimulus features (Ahissar and Hochstein 1997). Recently, researchers 

demonstrated that learned improvements transfer to other distinctly different visual tasks 

provided there is an overlap in part of their processing (Webb et al., 2007; McGovern et al., 

2012). An alternative model suggests that PL reflects improvements in the ability of higher-level 

areas to “read out” task-relevant sensory information by enhancing connections from the most 

informative neurons for a given task with experience (Law and Gold, 2008; Lu and Dosher, 

2009). In this model, PL strengthens the connections between the early neural representations 

and the higher cortical areas that guide behavior, without modifying the neural representations 

themselves. For instance, results of double training studies suggest a model wherein higher-level 

decision-making areas learn a set of rules for weighting inputs from low-level areas, with the 

degree of learning-transfer dependent upon on the extent to which those rules are applicable to 

new stimuli, tasks, or contexts (Zhang et al., 2010). These studies provide important insights into 

the specificity of PL, and by incorporating a growing body of data on the neurological changes 

underlying the mechanism of PL, future research will provide improved models of the 

mechanisms responsible for PL.  

 Of the data on the neural correlates responsible for the mechanisms of PL in sensory 

systems, the overwhelming majority of evidence to support the above-described models comes 

from studies in the visual system. Single-unit recordings in early visual cortex report largely 

identical location, size, and orientation selectivity between trained versus untrained regions of 
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V1 and V2 as a result of PL. In studies of orientation discrimination, monkeys were trained to 

identify orientation of visual gratings, and then asked to discriminate orientation for previously 

experienced and inexperience gratings while recordings were made from single units in primary 

visual cortex V1 (Schoups et al. 2001) or V1 and V2 (Ghose et al. 2002). They found that the 

improved behavioral performance was correlated sharpening of the tuning curves of cells 

responding to stimuli for the experienced orientation (Schoups et al. 2001) as well as a decrease 

in population response for neurons tuned to the experienced stimuli (Schoups et al. 2001, Ghose 

et al. 2001). An fMRI study of human subjects on a visual texture discrimination task showed 

increased activity in retinotopically specific regions of the primary visual cortex with learning 

that partially transferred to improved performance in a new condition (testing of the 

inexperienced eye) that was accompanied by coupling of visual cortex with amygdalae in the 

new condition (Schwartz et al. 2002). Additionally, Li and colleagues (2004) show task specific 

tuning changes of V1 neurons for monkeys trained on a shape discrimination task, but neuron 

responses changed as a function of the perceptual task being performed. These data establish that 

perceptual learning induces durable modifications to neuronal networks in early sensory cortices 

that, in some conditions, can be utilized for learning in different contexts or for different stimuli.  

 Yet, some studies have questioned whether the modest changes seen in early sensory 

neurons are sufficient to account for the degree of behavioral improvement in cases of learning 

transfer. Some single-unit recordings failed to find significant changes in V1 neurons after PL 

that alone would explain the behavioral improvement with learning. One study showed that 

extensive training did not change selectivity of neurons in V1 (Ghose et al. 2001). Another 

reported that the basic properties of receptive fields of V1 neurons, such as location, size, and 

orientation selectivity, were not changed after perceptual training (Crist et al., 2001). Similarly, 

Schoups and colleagues (2001) did not find changes in sharpness of orientation tuning in V1 

after training. Although modest changes in slope of the orientation tuning curve of V1 neurons 

(Schoups et al., 2001) are cited as key evidence for changes in tuning properties, these and other 

modest changes in V1 properties are insufficient to account for large changes in performance. 
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Instead, more substantial changes were found in V4 that are suggested to account for the 

substantial improvements in behavior. Yang and Maunsell (2004) found that perceptual learning 

induced changes not in V1 but in V4 in monkeys. Raiguel and colleagues (2006) show that the 

effects of training for an orientation discrimination task on the response properties of V4 neurons 

in awake rhesus monkeys are indeed larger than those in V1. Additionally, some recent studies 

using monkeys have suggested that perceptual learning is associated with changes outside the 

sensory regions altogether (Law and Gold, 2008; Gu et al., 2011). Therefore, it is more likely 

then, that a combination of changes in V1 and V4 neurons along with changes at higher levels of 

the visual hierarchy provide the most congruent explanation of the neural mechanisms that are 

responsible for transfer of PL. Given this, the available data then support a rule-based model of 

transfer of PL in which PL enhances task-relevant sensory information from early neural 

representations by higher cortical areas, and when those rules are applicable to new stimuli, 

tasks, or contexts then transfer of learning occurs.  

 Yet, the extent to which these observed results and potential mechanisms in the visual 

and auditory systems generalize to as yet un-described mechanisms of other sensory systems is 

still not fully understood. Compared with investigations in the visual, and to some extent the 

auditory systems, investigation of the transfer of perceptual learning within the olfactory system 

are still relatively undescribed. There are a number of studies showing that learning on various 

tasks (i.e. fear conditioning, reward-associations, olfactory enrichment) modulates odor 

representation through increased generalization of odors similar to the conditioned odor (Pavesi 

et al. 2012), improved discrimination of perceptually similar odors (Mandairon et al. 2006b), and 

increased time span of olfactory short-term memory (Rochefort et al. 2002). However, there has 

not yet been a study to directly examine how OPL via olfactory enrichment affects learning of a 

reward-odor association. Escanilla and colleagues (2008) compared the perceptual effects of 10 

days of olfactory enrichment with 10 days of a forced-choice discrimination task and found that 

both enrichment and discrimination learning improved the discrimination of perceptually similar 

odorants. Furthermore, they suggest that both olfactory enrichment and odor reward-driven 
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learning may modulate perception via the same mechanisms (Escanilla et al. 2008). If true, this 

could support the theory that learning in one context or condition may facilitate learning in 

another if the neural processes affected by the learning contribute to performance in both 

conditions, therefore resulting in olfactory enrichment leading to faster learning in reward-driven 

learning tasks. Therefore, by using improvements in discrimination learning as the behavioral 

manifestation of PL, we can directly probe how improved olfactory perception resulting from PL 

affects learning of an odor reward association.  

 Discrimination learning, that is, the process by which an animal learns to make different 

responses to a rewarded (S+) and an unrewarded (S−) stimulus, provides a number of benefits 

for understanding transfer of PL in the olfactory system. Discrimination learning has been long 

considered a method to assess sensory and cognitive abilities (Livesney, 1968; Sutherland and 

Mackintosh 1971). Mice trained to associate an odor cue with a footshock displayed generalized 

freezing behavior to odors similar to the trained odor (Chen et al., 2011). Comparably, mice 

trained to associate an odor cue with either a sugar reward or foot-shock, modulated their 

approach or freezing behavior as a function of the odor cue (Murata et al., 2015). Furthermore, 

discrimination learning leads to changes in cortical plasticity (Roman et al., 2004; Barkai, 2014; 

Gschwend et al., 2015). An additional benefit of using discrimination learning to probe PL 

specificity in the olfactory system is that after an animal has acquired the discrimination task, 

whether this experience affects learning and performance with subsequent stimulus pairs, 

environments, or tasks can be investigated (Zentall et al. 2008; Mota and Giurfa, 2010). 

Moreover, it has been shown that animals employ different strategies during the early stages of a 

2-alternative force choice odor (2AFC) discrimination task depending on the degree of similarity 

between the two odors (Kay and Beshel, 2010). The authors found differences in beta oscillation 

activity between discriminations of structurally similar odorants (fine-discrimination) versus 

structurally dissimilar odorants (coarse-discrimination) when animals performed the 2AFC task. 

Specifically, they show that during initial testing trials beta power is the same for correct and 

incorrect trials during fine-discriminations, while during coarse-discriminations beta power is 
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elevated during correct trials. They suggest that this difference relates to behavioral strategies 

used to make discriminations: that for very similar stimuli animals employ a fine-discrimination 

strategy, as they are unable to tell the odors apart. However, for dissimilar odors, in which odors 

are more easily discriminated, they use a coarse strategy. In this case, it is likely that enrichment 

may allow animals to use a coarse-discrimination strategy, for which without enrichment they 

would use a fine-discrimination strategy. Therefore, prior enrichment may allow animals to use a 

strategy that would allow for faster learning. Given this; an interesting question is whether prior 

enrichment can make learning a reward-association faster. In Chapter 3, I will explain the 

experimental design to determine whether olfactory perceptual learning via olfactory enrichment 

enhances learning of a reward association (i.e. reduces time to make reward-odor association) of 

odors in a forced choice discrimination task. 
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CHAPTER 2 

Two time-courses of olfactory perceptual learning increase the duration of odor 

discrimination ability but not the duration of odor memory. 

 

ABSTRACT 

 Repeated exposure to olfactory information leads to changes in odor discrimination 

ability often resulting in long-term changes in perceptual skill (perceptual learning). However, it 

is unclear what amount of olfactory experience is necessary for perceptual learning to occur and 

what are the neural changes that accompany the learning effect. The present study aims at 

determining the time course of olfactory perceptual learning as revealed by changes in odor 

discrimination ability and how the time course of learning contributes to preservation of the 

perceptual learning effect. Mice were exposed to a pair of perceptually similar odors for one hour 

daily over a period of 5 days (short-term enrichment) or 10 days (long-term enrichment). The 

ability to spontaneously discriminate the odors was tested before and after the enrichment period 

using the cross-habituation task. Retention of discrimination ability was tested, 5, 10, or 20 days 

following cessation of the odor enrichment. Discrimination of perceptually similar odors was 

improved in mice after repeated exposure to the odors. Furthermore, this improved 

discrimination is accompanied by a transient increase in survival of adult-born granule cell 

neurons, which likely contribute to the gains in olfactory perception. 

 

INTRODUCTION 

 Study after study has shown that sensory processing is not just a simple feed-forward 

system from peripheral to central sensory systems, but that the manner in which sensory 

information is turned into meaningful percepts depends heavily on previous sensory experiences. 

Across sensory modalities it has been shown that training or experience with sensory stimuli can 

significantly improve the ability to make discriminations of these stimuli, and can induce long-

term changes in the perception of sensory information. This form of learning is called perceptual 
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learning. Perceptual learning is a form of implicit learning in which the perceptual acuity of 

sensory stimuli is improved with experience, often resulting in long-term changes in perceptual 

skill. These changes can range from improvements in sensory discriminations, such as 

distinguishing between two auditory tones (Alain et al. 2007), to improvements in complex 

cognitive processes such as language learning (Fenn et al. 2003). Although studies show that 

perceptual learning results in experience-dependent changes in behavior and can change the 

cortical circuits solving the perceptual problem, a detailed understanding of how the learning is 

achieved and the neuronal mechanisms involved is still elusive.   

 Two of the many questions surrounding perceptual learning (PL) regard the time course 

over which it occurs, and whether it is a function of changes in early or late stage sensory 

processing regions (Shibata et al., 2014; Watanabe and Sasaki, 2015). Studies in the visual, 

auditory, and somatosensory systems have revealed that PL takes place in two time-courses: a 

short time course of early, rapid learning with transient behavioral improvements, and a long 

time course of slower steady learning with stable behavioral improvements lasting months after 

removal from the sensory environment (Poggio et al., 1992; Karni and Sagi, 1993; Atienza et al., 

2002; Wright and Sabin, 2007; Alain et al., 2007; Yotsumoto et al., 2008; Qu et al., 2010). It has 

been shown that a naïve subject's performance on a simple discrimination task can be 

significantly improved with only a few trials, a process referred to as fast learning (Poggio et al., 

1992) or that learning accumulates across many training sessions and training days, called slow 

learning. This slow time-course of PL often occurs between sessions and once acquired, the 

learning effect can last for a long time, from months to even years without further training (Karni 

and Sagi, 1993; Polat and Sagi, 1994; Polat et al., 2004; Roth et al., 2005). One theory to explain 

the differences in the time course over which PL takes place, is that PL results from neural 

changes evolving within different temporal windows. It is suggested that behavioral 

improvements within a short time-course are a result of fast neural changes, while the slower 

stable learning results from slower neural changes (Recanzone et al., 1993; Gilbert 1994; 

Kapadia et al. 1994; Zohary et al., 1994; Galván and Weinberger 2002). Yet, while studies of PL 
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in the visual, and to a lesser extent the auditory and somatosensory systems, have produced an 

abundance of data to characterize the behavioral manifestation of PL and the underlying neural 

mechanisms, much less is understood about PL in the olfactory system.   

 Research on the role of experience with olfactory processing have shown that olfactory 

experience leads to changes in the olfactory bulb neural network that affect learning and the 

representations of olfactory stimuli. Work from several labs has shown that associative odor 

conditioning (Faber et al. 1999; Mouly et al., 2001; Ravel et al. 2003; Ito et al., 2008; Kass et al., 

2013) and even simple odorant exposure (Buonviso and Chaput 2000; Perez-Orive et al. 2002; 

Fletcher and Wilson, 2003) can modify olfactory bulb glomerular activity, mitral cell 

responsiveness, mitral cell receptive fields, and/or olfactory bulb local field potential responses 

to the experienced odors. Furthermore, repeated exposure to olfactory stimuli has been shown to 

modify neural responses to the experienced odor (Buonoviso and Chaput, 2000; Chabaund et al., 

2000; Christensen et al., 2000; Fletcher and Wilson, 2003; Ravel et al., 2003; Li et al. 2006; 

Mandairon et al. 2008; Moreno et al. 2009). In part, this results from morphological changes in 

the structure and survival of granule cells, which provide inhibitory input to modulate mitral cell 

responses (Yamaguchi and Mori, 2005; Kelsch et al, 2009, Breton-Provencher et al 2009). Thus 

as an animal’s experience with a particular odor increases, the representation of that odor is 

modified to make it more distinctive from similar odors. Yet the question remains, what network 

processes underlie an enhancement of differences in the representation of similar odors, such 

that, odorants that were once perceptually fused together become separated and can be 

discriminated? 

 One neural mechanism proposed to provide the level of plasticity necessary for olfactory 

perceptual learning (OPL) to occur is neurogenesis. Although neurogenesis, the generation and 

selective survival of adult-born neurons, has repeatedly been shown to be important in a number 

of olfactory learning paradigms: such as associative learning, fear conditioning, odor 

discrimination, and odor memory (Cecchi et al. 2001; Rochefort et al., 2002; Mandairon et al. 

2008; Breton-Provencher et al. 2009; Moreno et al. 2009; Valley et al., 2009; Abraham et al. 
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2010; Curlik et al. 2011; Alonso et al. 2012), its role in perceptual learning is not fully 

understood. However, one reccurring theory for the role of neurogenesis is that the persistent 

turn-over of highly responsive neurons provides a high level of plasticity and inhibitory 

processing crucial for shaping odor representations (Petreaneu and Alvarez-Byulla, 2002; 

Mandairon et al 2006a; Kelsch et al, 2008; Moreno et al. 2009; Nissant et al, 2009; Chow et al. 

2012). Adult-born granule cells are also thought to facilitate OPL by decorrelating 

representations of similar stimuli by increasing reciprocal inhibition of co-active mitral cells 

thereby producing synchrony in this population of cells, as well as increasing lateral inhibition to 

non- or weakly-active mitral cells (Chow et al, 2012). Most importantly, neurogenesis is required 

for OPL to occur (Moreno et al., 2009). Thus, the increased plasticity and increased inhibitory 

processing brought by adult-born neurons integrating into the bulbar circuitry provides a medium 

for OPL to modify odor representation in the olfactory bulb.  

We used olfactory enrichment and a non-associative discrimination task to address how the time 

course of OPL is important for affecting the persistence of odor discrimination ability, odor 

memory duration, and the survival of adult-born granule cells. We find that olfactory enrichment 

improves discrimination ability of perceptually similar odors; both a short time-course and long-

time course of OPL results in stable changes in odor perception but not odor memory duration, 

and additionally increases adult-born granule cell survival. 

 

MATERIALS AND METHODS 

Animals and Housing  

Seventy male C57BL/6J mice (8 weeks old, Jackson Laboratory) were used in this study. 

Animals were housed in groups of 4 in standard laboratory cages and kept on a reversed 12:12 

light cycle. Food and water were available ad libitum. All behavioral testing was performed 

between 10:00 and17:00.  
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5-bromo-2-deoxyuridine (BrdU) Administration 

 BrdU powder (Sigma, St. Louis, MO) was weighed and dissolved into pre-warmed 0.9% 

sterile saline (50µg/g) with 0.007N NaOH. All mice received three injections at 2 hour intervals 

of BrdU (; intraperitoneal, i.p.). Mice were injected with BrdU 14 days before the beginning of 

the enrichment period.  

Olfactory Enrichment  

 Odors used for enrichment consisted of the enantiomers (+)-Limonene and  (–)-

Limonene. Enriched animals received concurrent exposure to the enrichment odors for 1 hour 

daily, while the control animals were instead exposed to mineral oil. For enrichment, 100µl of 

pure odorant of (+)-Limonene or (–)-Limonene were each pipetted onto a cotton swab and placed 

into an individual tea ball. For non-enriched/controls, 100µl of mineral oil (MO) was pipetted 

onto a cotton swab each and placed into an individual tea ball. For the enriched animals, one tea 

ball for each enrichment odor was hung from two adjacent corners of the behavior chamber for 

the enriched animals (for a total of 2 tea balls per chamber) for a period of 1 hour. Control 

animals were presented with 2 tea balls containing MO instead of odorant during the enrichment 

period.  

Discrimination Testing 

 All behavioral testing took place in a transparent Plexiglass chamber during the active 

portion of the day-night cycle under red light conditions. Shaping consisted of exposing the mice 

to the testing chamber for 1 hour over several days until they became accustomed to the chamber 

in order to reduce stress and anxiety from the new environment. An empty tea ball containing no 

odorant was introduced into the chamber during the shaping phase. Shaping was considered 

complete when the mouse spent less time (in seconds) investigating the tea ball at the end of the 

acclimation period. 

 All animals were tested for the ability to spontaneously discriminate (+)-Limonene from 

(–)-Limonene utilizing a cross-habituation paradigm. Cross-habituation testing (Figure 2.1) was 
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performed by delivering a mineral oil trial (Blank), followed by four repeated presentations of 

one member of the odor pair (Hab1-4) for 50s each with a 5-minute inter-trial interval (ITI) 

between odor presentations. Following the 4th presentation of the habituation odor animals were 

presented with the other member of the odor pair as the test odor (Test). (+)-Limonene and (–)-

Limonene were randomly selected as the habituation and test odor for each animal and 

counterbalanced across animals. 30 and 60 minutes after presentation of the test odor, animals 

were presented again with the habituation odor (Hab30 and Hab60, respectively), to test the 

short-term retention of the odor memory (Figure 2.1). Thirty and 60 minutes were chosen as 

time-points when animals have previously been shown to recognize a familiar odor (McNamara 

et al 2008), which allowed measurement of the effect of enrichment on short-term odor memory. 

 Odors were presented by placing one piece of approx. 1-in. filter paper into a tea-ball and 

pipetting 60 µl of odorant (diluted in MO to a concentration of 0.1Pa, chosen as a non-saturating 

odor concentration for measuring effects on performance) onto the filter paper. Odor 

concentrations were selected on the basis of previous studies of olfactory perceptual learning 

(Mandairon et al., 2006a, 2006b, 2006e, 2008; Moreno et al., 2009). The tea-ball was then hung 

on the inside of the testing cage (in the corner, placed at approximately the same level each time) 

so that the animal could easily investigate the odorant. The amount of time spent investigating 

the tea-ball during the 50s odor presentation was recorded, with investigation defined as snout-

Figure 2.1. Cross-habituation task design for tested effects of enrichment on odor discrimination and 
odor memory behavior. The cross-habituation task consists of eight trials: one blank trial in which mineral oil is 
presented to expose mice to the non-olfactory features of the stimulus presentation, followed by four habituation 
trials in which one member of the odor pair is presented successively, and a test trial in which the other member 
of the odor pair is presented. Following the test trial animals were presented with a 5th presentation and 6th 
presentation of the habituation odor after a 30min and 60min delay to confirm whether animals retained a memory 
for the habituation odor. The blank was introduced 15 minutes after the animal had been placed in the test 
chamber. Odors were presented for 50 seconds with a 5-minute inter-trial interval (ITI) between odor 
presentations. 
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oriented sniffing within 1cm of the tea-ball. The duration of time spent investigating the test odor 

is a measure for discrimination between the habituation odor and the test odor, with increased 

investigation for the test odor an indicator of novelty. Testing took place in a round-robin format 

such that after the first 50s presentation (MO) of the first animal, during the 5 minute ITI the 

second animal was presented with the first odor, then during that animals’ 5 minute ITI the next 

animal was presented with the first odor, etc.  

Experimental Design 

 Animals were randomly assigned to 4 experimental groups: short-term enrichment for 5 

days (n=16), short-term enrichment delayed 5 days (n=16), long-term enrichment for 10 days 

(n=16) or non-enriched (control; n=20, Figure 2.2). A final group of animals (n=4) did not 

receive olfactory testing and was sacrificed 14 days after BrdU injection, these BrdU-injected 

littermates were used to determine the basal levels of BrdU incorporation. Discrimination ability 

was assessed before and after the enrichment period (pre-enrichment and post-enrichment 

testing, respectively). All animals underwent pre-enrichment testing (D0) which was followed by 

the series of BrdU injections 1 hour later. The olfactory enrichment period began 14 days 

following the BrdU injections (D14). Previous studies have shown that adult-born neurons reach 

the OB approximately 14 days after birth and are particularly sensitive to olfactory activity 

during the period following their arrival until their maturation 30 days after birth (Petreanu and 

Alvarez-Buylla 2002, Yamaguchi and Mori 2005). Therefore, this injection protocol labeled new 

neurons that are receiving sensory feedback, from olfactory enrichment, during their critical 

period for development and synaptogenesis.  

 Animals in the enriched groups received either 5 or 10 days of olfactory enrichment for 1 

hour daily and underwent post-enrichment olfactory testing the day following completion of the 

enrichment period. In contrast, non-enriched animals were presented with mineral oil throughout 

the enrichment period and performed olfactory testing 5 days into a 10-day olfactory enrichment 

period in addition to post-enrichment olfactory testing (Figure 2.2). Preliminary results (data not 

shown) indicate that daily cross-habituation testing is not sufficient to produce an improvement 
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in discrimination for non-enriched animals, therefore performing olfactory testing on non-

enriched animals at day 6 and day 11 points should not affect their ability to discriminate the 

enrichment odors. Each animal underwent olfactory testing once before sacrifice. Four animals 

from each group were sacrificed for BrdU immunohistochemistry (IHC) the day following post-

enrichment testing. Additionally 4 animals were sacrificed from the non-enriched group 

Figure 2.2. Experimental design to test effect of enrichment duration on discrimination and memory 
performance. Discrimination between perceptually similar odorants +/- limonene was tested before and 
after an odor enrichment period. Animals were randomly assigned to 4 groups: 5 days enriched, delayed 5 
days enriched, 10 days enriched or non-enriched (control). All animals underwent olfactory testing prior to 
the enrichment period (pre-enrichment) and received BrdU injections 1 hour following olfactory testing. A 
separate group of animals (n=4) were sacrificed for BrdU immuno immediately preceding the enrichment 
period. Enrichment began 14 days following BrdU injections. Animals in the enriched groups received 5 or 
10 days of olfactory enrichment for 1 hour daily. Non-enriched animals underwent the same olfactory 
testing and BrdU injection protocol as enriched animals; however, non-enriched animals were presented 
with mineral oil instead of odors during the enrichment period. Additionally, non-enriched animals performed 
olfactory testing 5 days into a 10-day olfactory enrichment period. Four animals from each group underwent 
post-enrichment olfactory testing the day following completion of enrichment period were sacrificed the day 
following olfactory testing for BrdU immunohistochemistry. To examine the effect of 5 days vs 10 days of 
enrichment on the duration of the behavioral improvement, animals underwent a retention test 5, 10 or 20 
days following the post-enrichment olfactory test.  Four animals from each group were sacrificed the day 
following each retention test for BrdU immunohistochemistry. 
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following mid-enrichment olfactory testing as a control for the 5-day enrichment period. 

 To examine the effect of short-term vs long-term enrichment on the duration of the 

behavioral improvement, animals underwent a retention test using the cross-habituation 

paradigm 5, 10 or 20 days following the post-enrichment olfactory test. The retention test was 

performed under the same conditions as the pre- and post-enrichment olfactory testing. Five days 

was chosen as one of the earlier points measured in which the behavioral improvements from 

olfactory experience, in this case learning an associative task, have been shown to be retained 

past the period in which experience was given (Sultan et al. 2010, 2011a, 2011b). Twenty days 

was chosen as the last day the effects of enrichment have been show to be retained (Mandairon et 

al. 2006a), as when tested at 30 days (Mandairon et al. 2006a, Sultan et al. 2010), 40 days 

(Mandairon et al. 2006a), or 90 days (Sultan et al. 2010) animals do not retain the improved 

discrimination behavior resulting from olfactory enrichment or learning. Ten days was chosen as 

an intermediary point to further characterize the duration of short-term and long-term enrichment 

on perceptual discrimination. Four animals from each group were sacrificed the day following 

each retention test for BrdU immunohistochemistry. 

Tissue Preparation and Sectioning 

 Following the post-enrichment olfactory testing, mice were deeply anesthetized with an 

i.p. injection of urethane and perfused transcardially with 0.9% saline, followed by 4% 

paraformaldehyde (PFA) in 0.1M phosphate buffered saline (PBS; pH7.4). Brains were 

harvested and post-fixed overnight at 4˚C in 4% PFA then cryoprotected in a 20% sucrose 

solution in 0.1M PBS until the brains dropped to the bottom of the containing vessel (1-4days). 

 Brains were then flash frozen and stored at -80˚C until sectioning. Brains were coronally 

sectioned at 10µm thickness using a Leica cryostat from the tip of the olfactory bulb (OB) until 

the first clear section containing the accessory olfactory bulb. Coronal sections were collected 

onto glass slides as a series of every tenth 10µm slice. Sections were stored at -80˚C until 

immunohistochemistry. 
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BrdU/NeuN Immunohistochemistry 

 All incubations were done at room temperature with oscillation on an orbital shaker and 

sections were rinsed three times with 0.001% Triton X-100 in 0.1M PBS for 5 minutes each 

following each incubation step. Sections were first dried at room temperature for 30min. Antigen 

retrieval (Pileri et al., 1997; Ramos-Vara and Miller, 2014) was performed by heating sections in 

10mM citrate buffer (pH 6.0) to approximately 98˚C two times at 10 minutes each using a 

microwave oven. Sections were placed in cold water and allowed to cool for 20 minutes then 

briefly rinsed 5 times with deionized water. Sections were then incubated in 0.5% Triton X-100 

in PBS for 30 minutes. Sections were treated with 0.1% trypsin in 0.1N HCl for 5 minutes, then 

incubated in blocking solution (2% normal goat serum, 1% bovine serum albumin, 0.1% Triton 

X-100) in PBS for 90 minutes. Sections were incubated overnight at 4˚C with a mouse anti-BrdU 

primary antibody (1:200, Abcam) and a rabbit anti-neuronal nuclear antigen (NeuN) primary 

antibody (1:400, Abcam; for specific labeling of neurons). Sections were then incubated in 

biotinylated goat-antimouse secondary antibody (1:200, Jackson ImmunoResearch) for 2 hours. 

All subsequent steps were performed in the dark. Sections were then incubated with streptavidin 

conjugated to Alexa Fluor 488 tertiary antibody (1:1000, Jackson ImmunoResearch) for 90 

minutes. This was followed by incubation with goat anti-rabbit conjugated to Alexa Fluor 568 

secondary antibody (1:400, Molecular Probes) for 90 minutes. Sections were then incubated with 

a DAPI counterstain (100ng/ml; Roche Diagnostics, Indianapolis, IN) for 30min in order to 

delineate and visualize the layers of the OB. Sections were coverslipped using Fluoromount-g 

(SouthernBiotech, Birmingham, AL) as an anti-photobleaching agent. 

Cell Counting and Statistical Analysis 

Imaging. All images were taken using a Zeiss LSM 710 confocal microscope (Carl Zeiss). 

Confocal images were captured using a 25x Plan-Achromat lens with a pinhole size of 1AU 

(Airy Unit). Images were taken as a series of non-overlapping images throughout the entire 

tissue section; image stacks were automatically stitched together using the Zeiss Zen software 
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and analyzed using ImageJ (NIH). 

Cell counting and analysis. Cell counts were performed by applying the Cavalieri method 

(Rosen and Harry 1990, Duan et al 2008, Valley et al 2008, West 2012) and analyzing every 

10th slice in the right OB of each animal (section interval of 100µm) for 18 serial sections with a 

section thickness of 10µm. The rostral landmark contained the tip of the olfactory bulb while the 

accessory olfactory bulb was used as the caudal landmark.  

 To estimate the area of each section, manual drawings were made of the surface of the 

glomerular layer (GL) and granule cell layer (GCL) from low-magnification images, using the 

nuclear marker DAPI to visualize the boundaries between layers. The area of each section and 

each layer was calculated using ImageJ software. All BrdU+ and NeuN+ cell densities were 

counted for each section analyzed and the total number of BrdU+/NeuN+ cells was calculated 

for the OB of each animal. Total number of BrdU+/NeuN+ cells was averaged between groups 

and comparisons with experimental group as the main effect and stage as covariate were assessed 

by Univariate analysis of variance (ANOVA) followed by post hoc tests for comparisons 

between pairs of experimental groups. The significance level was set to P<0.05. All cell counts 

and volumes are presented as group mean ±SEM.  

Behavioral analysis. Investigation time (in seconds) was averaged within groups for each trial.  

Overall analysis: Statistical comparisons were made using a mixed model analysis of variance 

(ANOVA), with investigation time as the dependent variable, trial and testing stage as within 

subjects factors, and experimental group (5-day enriched, 10-day enriched and non-

enriched/control) as the between subject factor to determine overall interactions between 

experimental group (5-day enriched, 10-day enriched and non-enriched/control), trial (Hab1-

Hab4, Test, Hab30 and Hab60), and testing stage (pre-enrichment, post-enrichment, 5-day, 10-

day, and 20-day retention test). Behavioral responses were combined for the 5-day and delayed 

5-day enriched animals for statistical analysis, as these animals are behaviorally 

indistinguishable.  
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Analysis of testing stage. The overall analysis of data was followed by ANOVAs for repeated 

measures separately testing pre-enrichment, post-enrichment, 5-day, 10-day, and 20-day 

retention results for main effects of experimental group and trial, with trial (Hab1-Hab4, Test, 

Hab30 and Hab60) as within-subjects factor and experimental group (5-day enriched, 10-day 

enriched and non-enriched/control) as between-subjects factor. 

Analysis of habituation, discrimination, and memory performance. Analysis of testing stage was 

followed by ANOVAs for repeated measures separately testing for habituation, discrimination 

and memory performance. Habituation performance: Repeated measures ANOVA with trial 

(MO, Hab1-Hab4) and stage (pre-enrichment, post-enrichment, 5day retention test, 10day 

retention test, 20day retention test) as within-subjects factors and experimental group (5day 

enriched, 10day enriched, non-enriched/control) as between-subjects factor, followed by 

pairwise comparison tests (with Bonferroni adjustment for multiple comparisons) to determine if 

investigation time of the last habituation trial (Hab4) was significantly lower than the first 

habituation trial (Hab1). Discrimination performance: Repeated measures ANOVA with trial 

(Hab4, and Test) and stage (pre-enrichment, post-enrichment, 5day retention test, 10day 

retention test, 20day retention test) as within-subjects factor and experimental group (5-day 

enriched, 10-day enriched and non-enriched/control) as between-subjects factor, followed by 

pairwise comparison test (with Bonferroni adjustment for multiple comparisons) to determine if 

the investigation of the test odor (Test) was significantly different from that of the fourth 

habituation trial (Hab4). Memory performance: Repeated measures ANOVA with trial (Hab4, 

Hab30, and Hab60) and stage (pre-enrichment, post-enrichment, 5day retention test, 10day 

retention test, 20day retention test) as within-subjects factor and experimental group (5-day 

enriched, 10-day enriched and non-enriched/control) as between-subjects factor, followed by 

pairwise comparison test (with Bonferroni adjustment for multiple comparisons) to determine if 

the investigation of the last habituation trial (Hab4) was significantly different after a 30min 

(Hab30) and 60min (Hab60) interval.  

 Results are presented as group mean ±SEM. Significance was set at P<0.05. All statistical 
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analysis was performed using SPSS software. 

 

RESULTS 

 To characterize the effects of perceptual learning after a short (5 days) or long time-

course (10 days) of olfactory enrichment on olfactory behavioral performance and survival of 

adult-born neurons, seventy adult male C57BL/6J mice underwent cross-habituation testing to 

assess discrimination ability of perceptually similar odors. Behavioral testing was followed by 

BrdU immunohistochemistry on coronal OB sections. Mice were randomly assigned to four 

groups (5-day enriched, delayed 5-day enriched, 10-day enriched, or Control) and tested on the 

ability to spontaneously discriminate (+)-Limonene and (–)-Limonene before and after the 

designated enrichment period. Retention of discrimination ability was tested, 5, 10, or 20 days 

following cessation of the odor enrichment. Enrichment consisted of exposure to (+)-Limonene 

and (–)-Limonene (enriched animals) or mineral oil (control animals) for 1-hour daily. 

Behavioral responses were combined for the 5-day and delayed 5-day enriched animals for 

statistical analysis, as these animals are behaviorally indistinguishable. 

 The cross-habituation tasked used in this experiment allowed for testing of habituation, 

spontaneous discrimination, and short-term odor memory. Results of mixed-model ANOVA for 

experimental group (5-day enriched, 10-day enriched and non-enriched/control), trial (Hab1-

Hab4, Test, Hab30 and Hab60), and testing stage (pre-enrichment, post-enrichment, 5day 

retention test, 10day retention test, 20day retention test) revealed significant effects of testing 

stage [F(4, 778.647) = 19.333, p<0.0005] and trial [F(6, 750.872) = 105.136, p<0.0005] but non-

significant effects of experimental group [F(2, 63.323) = 2.564, p=0.085]. Additionally, analysis 

revealed significant interactions between experimental group and stage [F (8, 780.356 = 9.985, 

p<0.0005], experimental group and trial [F(12, 750.872) = 6.493, p<0.0005)] and between 

testing stage and trial [F(24, 750.872) = 10.162, p<0.0005]. Furthermore, analysis revealed a 

significant 3-way interaction between experimental group, testing stage and trial [F(48, 750.872) 

= 1.646, p=0.005)]. Indicating an impact of trial for the groups at the different testing stages on 
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investigation behavior. However, although this analysis showed an impact within and between 

groups on performance, it was too broad to give targeted answers to how enrichment 

differentially affects performance within a group over time as well as between groups over time. 

Furthermore, because the mixed model ANOVA is an omnibus test, it is common practice to 

conduct follow-up tests to a mixed design ANOVA in order determine if there are any 

statistically significant main effects (Field, 2009).  

 Therefore, separately testing pre-enrichment, post-enrichment, 5-day, 10-day, and 20-day 

retention testing with trial as the within subjects factor and experimental group as the between 

subjects factor, revealed at the pre-enrichment stage significant effects of trial [F (5.669, 246.99) 

= 127.518, p<0.0005] and experimental group [F (2, 65) = 4.974, p=0.010], as well as a 

significant interaction of trial and experimental group [F(11.338, 368.460) = 2.031, p=0.023]. 

The significant effect of experimental group at the pre-enrichment stage can be observed as 

higher investigation times of control animals than enriched animals during habituation trials, as 

at this level analysis examines the results across all trials. At the post-enrichment stage, analysis 

revealed significant effects of trial [F(5.669, 368.469) = 127.518, p<0.0005], and experimental 

group [F(2, 65) = 4.974, p=0.010], as well as a significant interaction of trial and experimental 

group [F(11.338, 368.469) = 2.031, p<0.023]. Analysis at the 5-day retention stage revealed 

significant effects of trial [F(5.722, 324.281) = 26.722, p<0.0005], a non-significant effect of 

experimental group [F(2, 27) = 3.122, p=0.060], but a significant interaction of trial with 

experimental group [F(11.445, 324.281) = 3.742, p<0.0005]. At the 10-day retention stage, 

analysis revealed a significant effect of trial [F(6.277, 169.480) = 22.418, p<0.0005] and a non-

significant effect of experimental group [F(2, 27) = 1.456, p=0.251], but a significant interaction 

of trial with experimental group [F(12.554, 169.480) = 1.865, p=0.037]. Finally, at the 20-day 

retention stage, analysis revealed significant effects of trial [F(7, 203) = 32.661, p<0.0005], and 

experimental group [F(2, 29) = 4.742, p=0.017], and a significant interaction of trial with 

experimental group [F(14, 203) = 5.246, p<0.0005]. Together these results indicate an impact of 

experimental group and testing stage on investigation behavior across trials, therefore, in order to 
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determine where the significant differences lay within the data and what the changes were within 

each group, analysis of habituation performance, discrimination performance and odor memory 

were performed using repeated measures ANOVA to analyze main effects of trial and 

experimental group and to determine if investigation time of the last habituation trial (Hab4) was 

significantly lower than the first habituation trial (Hab1), if the investigation of the test odor 

(Test) was significantly different from that of the fourth habituation trial (Hab4), and if the 

investigation of the last habituation trial (Hab4) was significantly different after a 30min (Hab30) 

and 60min (Hab60) interval. 

 

HABITUATION PERFORMANCE 

 Repeated measures ANOVA with trial number across the four habituation trials (MO, 

Hab1-Hab4) and stage (pre-enrichment, post-enrichment, 5day retention test, 10day retention 

test, 20day retention test) as within-subjects factors and experimental group (5day enriched, 

10day enriched, control) as between-subjects factor indicated significant effects of trial [F(3.505, 

627.333) = 289.785, p<0.005], experimental group [F(2, 179) = 19.087, p<0.005] and stage [F(4, 

179) = 22.466, p<0.005]. Furthermore, analysis revealed significant interactions between trial 

and experimental group [F(7.009, 627.33) = 3.509, p=0.001], trial and stage [F(14.019, 627.33) = 

4.118, p<0.005], and experimental group and stage [F(8,179) = 3.011, p=0.003]. However, there 

was not a significant interaction of trial with experimental group and stage [F(28.037, 627.333) = 

0.791, p=0.771]. This indicates that animals performed differently during different trials and that 

the progression of habituation across trials differed between groups and differed between stages 

(Figure 2.3). 

 Pairwise comparisons, testing between the first and last habituation trials, revealed that 

all groups across all stages of testing showed significant reduction in investigation time upon 

repeated presentation of the habituation odor (Hab1-Hab4), such that the investigation time for 

the fourth habituation trial (Hab4) was significantly less than for the first habituation trial (Hab1) 

for all groups. This suggests that all animals were able to successfully form a memory for the 
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habituation odor (Figure 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCRIMINATION PERFORMANCE 

 Repeated measures ANOVA with trial number for the fourth habituation trial and test 

trial (Hab4, Test) and stage (pre-enrichment, post-enrichment, 5day retention test, 10day 

retention test, 20day retention test) as within-subjects factor, and experimental group (5day 

enriched, 10day enriched, control) as between-subjects factor indicated significant effects of trial 

[F(1, 182) = 98.502, p<0.0005], experimental group [F(2, 182) = 10.708, p<0.005] and stage 

[F(4, 182) = 4.871, p<0.0005]. Furthermore, analysis revealed significant interactions between 

trial and experimental group [F(2, 182) = 24.660, p<0.005], trial and stage [F(4, 182) = 18.510, 

Figure 2.3. Enrichment produces no difference in habituation performance. Graph shows average 
investigation time (± SEM) in response to repeated presentation of the habituation odor. A significant reduction 
between investigation of the first presentation of the habituation odor (Hab1) and the fourth presentation (Hab4) 
indicates that animals habituated to the odor. Investigation time was significantly reduced between Hab1 and 
Hab4 for all groups at all stages of testing (p<0.05). However, there was no difference between enriched and 
control animals in habituation performance. Asterisks indicate significant reductions in investigation of the fourth 
presentation (Hab4) with respect to the first presentation (Hab1).  
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p<0.0005], stage and experimental group [F(8, 182) = 5.280, p<0.0005], as well as a significant 

interaction of trial with experimental group and stage [F(8, 182) = 2.974, p<0.0005]. Therefore, 

these results indicate that enrichment significantly altered the discrimination ability of animals 

between groups and that this was consistent across testing stages.  

 Mice were tested on the ability to spontaneously discriminate (+)-Limonene and (–)-

Limonene before a 5-day or 10-day enrichment period. Pairwise comparisons between the fourth 

presentation of the habituation odor (Hab4) and presentation of the test odor (Test), revealed that 

before the enrichment period animals were unable to unable to discriminate (+)-Limonene and (–

)-Limonene (p=0.735, p=0.337, p=0.411 for 5-day enriched, 10-day enriched, and control 

animals, respectively; Figure 2.4). Mice were then exposed to both odors for either a 5-day or 

10-day enrichment period and using the same discrimination task, tested on discrimination 

ability immediately after cessation of the enrichment period (post-enrichment). Control mice 

(exposed to the mineral oil carrier only) showed no improvement in discrimination after the 

enrichment period (p=0.09). In contrast, both the 5-day enriched and 10-day enriched animals 

showed significant improvement in discrimination between (+)-Limonene and (–)-Limonene 

(p<0.005). Animals were then tested 5, 10, or 20 days after completion of the enrichment period 

(5 day retention test, 10 day retention test, or 20 day retention test) for retention of the 

improvement in discrimination ability. Control mice, again, showed no improvement in 

discrimination between (+)-Limonene and (–)-Limonene when tested at 5-, 10-, or 20-days 

following the MO exposure period (p=0.158, p=0.424, and p=0.848, respectively). In contrast, 

the 5day enriched animals showed improved discrimination at 5-days (p<0.0005), 10-days 

(p<0.0005) and 20-days (p<0.0005) following completion of the enrichment period. Similarly, 

the 10day enriched group showed improved discrimination at 5-days (p<0.0005), 10-days 

(p=0.021) and 20-days (p<0.0005) following completion of the enrichment period (Figure 2.4). 

These results confirm that odor enrichment improves olfactory discrimination ability and that the 

improvement in discrimination is long lasting. 
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MEMORY PERFORMANCE 

 Repeated measures ANOVA with trial number for the fourth habituation trial (Hab4), 

habituation odor presentation after a 30min delay (Hab30) and habituation odor presentation 

after a 60min delay (Hab60) and stage (pre-enrichment, post-enrichment, 5day retention test, 

10day retention test, 20day retention test) as within-subjects factor and experimental group (5day 

enriched, 10day enriched, control) as between-subjects factor indicated significant effects of trial 

[F(2, 354) = 152.894, p<0.0005], experimental group [F(2, 177) = 3.638, p=0.028] and stage 

Figure 2.4. Both time-courses of enrichment produce similar improvements in discrimination ability. 
Graph shows average investigation time (± SEM) in response to the fourth presentation of the habituation 
odor (Hab4) and the test odor (Test). A significant increase in investigation between Hab4 and Test indicates 
that the test odor was treated as a novel odor and discriminated from the habituation odor. A non-significant 
difference in investigation between the Hab4 and Test odor indicates that the test odor was treated as a 
familiar odor and was not discriminated from the habituation odor. At the pre-enrichment testing, no groups 
are able to discriminate the habituation odor from the test odor as indicated by a non-significant difference in 
investigation time between Hab4 and Test. After enrichment, control animals show no improvement in 
discrimination of the habituation and test odors; animals enriched for 5-days show significant differences in 
investigation between Hab4 and Test odors at all time points tested; while 10-day enriched animals show 
significant differences in investigation at all testing points after enrichment. Asterisks indicate significant 
increases in investigation of the test odor with respect to Hab4. [**, p<0.005; *p<0.05].  
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[F(4, 177) = 23.277, p<0.005]. Furthermore, analysis revealed a significant interaction between  

trial and stage [F(8, 354) = 10.813, p<0.005], group and stage [F(8, 177) = 4.513, p<0.0005], as 

well as a significant interaction of trial with group and stage [F(16, 354) = 2.967, p=0.004]. 

However, there was not a significant interaction between trial and group [F(4, 354) = 1.006, 

p=0.405]. This indicates that the stage of testing and group had a significant impact on 

behavioral responses. 

 Mice were tested on short-term odor memory ability before and after a 5-day or 10-day 

enrichment period. Pairwise comparisons revealed that prior to enrichment 5-day enriched 

animals did not retain the odor memory at 30 min (p=0.037) nor at 60 min (p<0.0005), as 

indicated by a significant increase in investigation time between Hab4 and Hab30, and Hab4 and 

Hab60 (Figure 2.5). Similarly, 10-day enriched animals did not retain the odor memory at 30 min 

(p=0.045) nor at 60 min (p=0.003). However, control animals did retain an odor memory at 30 

min (p=0.949) but not at 60 min (p<0.0005). When tested immediately following enrichment 

(post-enrichment), control mice performed similarly to their pre-enrichment results; control 

animals retained a memory for the odor when test at 30 min (p=1.00) but not at 60 min 

(p=0.010). In contrast, both the 5-day and 10-day enriched groups showed improvement in odor 

memory duration. The 5-day enriched animals retained the odor memory after the 30 min delay 

and 60 min delay, as indicated by a non-significant difference in investigation time between 

Hab4 and Hab30 (p=0.955), as well as Hab4 and Hab60 ((p=1.000). Similarly, at post-

enrichment testing the 10-day enriched animals retained the odor memory after the 30 min delay 

(p=1.000) and 60 min delay (p=1.000). When tested 5-days, 10-days, or 20-days after cessation 

of the enrichment period the enriched animals returned to pre-enrichment performance and were 

unable to retain the memory for the habituation odor after a 30 min delay or after a 60 min delay, 

as indicated by a significant increase in investigation between Hab4 and Hab30 (p<0.05) as well 

as an increase between Hab4 and Hab60 (p<0.05). However, the performance of control animals 

when tested 5-, 10-, and 20-days following the enrichment period was less clear. At the 5-day 

retention stage, control animals were unable to maintain an odor memory after a 30 min or 60 



 
 

 
 

86 

min delay, as indicated by a significant difference in investigation between Hab4 and Hab30 

(p<0.0005), and Hab4 and Hab60 (p<0.0005). At the 10-day retention test, control animals were 

weakly able to maintain an odor memory at the 30min (p=0.055) but not at the 60min (p=0.002). 

Finally, at the 20-day retention test, control animals retained the odor memory at both the 30min 

and 60min delay, as indicated by non-significant changes in investigation time between Hab4 

and Hab30 (p=1.000), and Hab4 and Hab60 (p=0.760). These results might suggest that 

enrichment acts to improve odor memory duration immediately following the enrichment period, 

but are somewhat inconclusive.  

 

ENRICHMENT EFFECT ON NEUROGENESIS 

 In order to examine how olfactory enrichment modulates survival of adult-born neurons 

in the OB, the marker of DNA synthesis, 5-bromo-2'-deoxyuridine (BrdU), was injected into all 

animals 4 hours following completion of the pre-enrichment testing via i.p. administration 

(50µg/g), which corresponded to 14 days before the beginning of the enrichment period. This 

injection protocol ensured that BrdU-labeled cells did not have prior experience with the test 

odors, that the majority of the cells had migrated to the OB, and that the cells had developed a 

mature morphology at the start of the enrichment period. One day following enrichment 

olfactory testing, animals were sacrificed for BrdU/NeuN immunohistochemistry to quantify the 

effects of a short or long time-course of enrichment on BrdU labeling (Figure 2.6).   

 Results of a GLM Univariate ANOVA for main effect of total number of BrdU/NeuN+ 

cells with experimental group (baseline, 5-day enriched, delay 5-day enriched, 10-day enriched, 

non-enriched/control) as between-subjects factors and testing stage (baseline, post-enrichment, 

5-day retention test, 10-day retention test, 20-day retention test) as covariate indicated significant 

effects of experimental group [F (3, 45) = 10.910; p<0.005] and stage [F (3, 45) = 2.806; 

p=0.050], indicating overall differences between experimental groups and differences in the total 

number of cells at different stages. However, there was not a significant interaction of  
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experimental group and stage [F (9, 45) = 1.144; p=0.353]. Pairwise comparisons between 

experimental groups at each stage of olfactory testing revealed that enrichment induced an 

increase in BrdU/NeuN+ cells compared to non-enriched animals that lasted until the 20-day 

retention test. At the first stage of olfactory testing following the enrichment period (post-

Figure 2.5. Both time-courses of enrichment produce a transient improvement in memory duration. Graph 
shows average investigation time (± SEM) in response to the fourth presentation of the habituation odor (Hab4) 
and presentation of the habituation odor after a 30min (Hab30) and 60min (Hab60) delay. A significant increase in 
investigation between Hab4 and Hab30 or Hab60 indicates the odor is treated as a novel odor and the animal has 
not retained a memory for the odor. Prior to enrichment control animals retained the odor memory for at least 30 
min but not 60 min, as indicated by a non-significant difference in investigation time between Hab4 and Hab30 and 
a significant difference in investigation time between Hab4 and Hab60; while enriched animals did not. Immediately 
following enrichment, 5day enriched animals showed no significant difference in investigation time between Hab4 
with Hab30 or Hab60, while 10day enriched animals showed no significant difference in investigation time between 
Hab4 and Hab30 and a significant reduction in investigation time between Hab4 and Hab60, indicating animals 
retained a memory for the habituation odor up to 60 min. Control animals showed a non-significant difference in 
investigation between Hab4 and Hab30 with a significant increase in investigation between Hab4 and Hab60, 
indicating that control animals retained a memory of the odor at 30min but not 60min. When tested 5days following 
enrichment all groups performed similarly and showed significant increases in investigation between Hab4 and 
Hab30, and Hab4 and Hab60, indicating that all groups do not retain a memory for the odor after a 30 or 60min 
delay. When tested 10days and 20days following enrichment enriched animals show a significant increase in 
investigation between Hab4 and Hab30 and Hab4 and Hab60. At 10days following enrichment, control animals 
show no significant difference in investigation between Hab4 and Hab30, but an increase in investigation between 
Hab4 and Hab60; while at 20days post enrichment controls show no significant difference between Hab4 with 
Hab30 or Hab60. Asterisks indicate significant increases in investigation of the odor after 30min or 60min delay 
with respect to Hab4, Crosshatch indicates a significant decrease in investigation from Hab4. [**, p<0.005; 
*p<0.05].  
 

5D  10D Control 

Hab4 
Hab30 
Hab60 

Post-Enrichment 

ns * 
+ 

5D  10D Control 

Hab4 

ns 

** 

* 
** 

** 

0 

2 

4 

6 

8 

5D  10D Control 

In
ve

st
ig

at
io

n 
tim

e 
(s

) 

Hab4 
Hab30 
Hab60 

** *
* 

* * 

5D  10D Control 

Hab4 
Hab30 
Hab60 

** 
** 

0 

2 

4 

6 

8 

5D  10D Control 

In
ve

st
ig

at
io

n 
tim

e 
(s

) 

Hab4 
Hab30 
Hab60 

** * * ** 
** 

Pre-Enrichment 

** 
** 

** 
** 

5-day Retention 
Test 

10-day Retention 
Test 

20-day Retention 
Test 



 
 

 
 

88 

enrichment), enrichment increased the total number of BrdU/NeuN-positive cells in the 5-day 

(27100 ± 6611; p=0.002), Delayed 5-day (17229 ± 3497; p=0.004) and 10-day enriched groups 

(22206 ± 2647; p=0.005) compared to control (10450 ± 1680). Similarly, at 5 days following 

completion of the enrichment period, 5-day (24157 ± 5855; p=0.001), delayed 5-day (16693 ± 

790; p=0.050) and 10-day enriched animals (19390 ± 2267; p=0.019) had significantly increased 

BrdU/NeuN+ cell numbers compared to control (7911 ± 779). Again, at the 10-day retention test 

point all enriched animals showed increased BrdU/NeuN+ cell number compared to control: 5-

day (19948 ± 4446; p=0.022), delayed 5-day (26200 ± 7890; p=0.00031), 10-day (2113 ± 3987; 

p=0.003), and Control (5349 ± 476). Surprisingly, at the 20-day retention test no enriched group 

showed a significant difference from control in levels of BrdU/NeuN+ labeling (p>0.05 in all 

cases).  

 

DISCUSSION 

 The present study analyzed how two time courses of olfactory perceptual learning, a short 

time- course (5 days) or long time-course (10 days) of olfactory enrichment, leads to 

improvements in olfactory perceptual skill and modulation of adult-born neuron survival in the 

olfactory bulb. Utilizing a cross-habituation behavior paradigm to measure spontaneous 

discrimination ability and odor memory performance, we demonstrate that both short and long-

time courses of enrichment enhance spontaneous discrimination of perceptually similar odors, 

+/- limonene, for up to 20 days, while improvements in odor memory were short lived and 

followed by a decrease in odor memory duration starting at 5 days after removal from the 

enriched environment. Furthermore, these behavioral modifications were accompanied by 

increased number of BrdU-positive cells as compared to control when analyzed immediately 

following the enrichment period, 5 and 10 days after cessation of enrichment, but not 20 days 

after enrichment.  
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Figure 2.6. Both long and short time-courses of enrichment increase survival of adult-born cells in the OB. (A) 
Representative images of double staining with BrdU  (green) and NeuN (red) at x40 magnification in a coronal OB slice. 
White arrows indicated cells double-labeled for BrdU and NeuN. (B) Confocal images of BrdU, NeuN and Merged 
immunolabeling in a coronal OB slice. Scale bar, 100µm. (C) A representative image outlining the layers of OB coronal 
slices. Scale bar, 100µm. (D) Olfactory enrichment increases the number of BrdU+/NeuN+ cells in all enriched groups 
compared to control. Asterisks (*) indicate a significant difference from control [*, P<0.05]. The data are expressed as 
mean values ± SEM. 
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 Previous studies of PL have shown that learning can occur with as few as 10 exposures to 

stimuli in one session (Poggio et al., 1992) or can require multiples exposures over several days 

(Schoups et al., 1995). The learning often occurs in two stages: fast, early learning with transient 

behavioral improvements and slow, steady learning with stable behavioral improvements lasting 

for months and sometimes years after removal from the sensory environment. In the olfactory 

system, human and animal studies have shown that prolonged exposure to an odorant improves 

discrimination of the odorant from perceptually similar odorants. Li and colleagues used a 

habituation paradigm to show that prolonged exposure to a target odorant (3.5min) enhanced the 

ability of human subjects to differentiate odorants similar in odor quality or functional group, 

and that this enhanced perceptual differentiation was paralleled by increased fMRI responses in 

piriform cortex and orbitofrontal cortex (2006). Rodent studies have shown that after long term 

olfactory enrichment (10 or 20 days) animals are able to discriminate chemically similar odors 

that they were unable to discriminate prior to the enrichment period (Mandairon et al., 2006a,b; 

Moreno et al., 2009). Furthermore, these behavioral improvements were shown to be dependent 

on active neurogenesis (Moreno et al. 2009) and likely reflect increased inhibition to the 

olfactory bulb network (Mandairon et al. 2006a). Additionally, when discrimination ability was 

tested 2, 20 and 40 days after cessation of olfactory enrichment, they found animals retained the 

improvements up to 20 but not 40 days, showing that the effects of enrichment on discrimination 

ability are relatively long lasting (Mandairon et al. 2006a). However, these studies overlook the 

contribution of both short and long-time courses of PL to the behavioral improvements. Yet in 

the visual system, the differential time courses over which PL takes place has been shown to 

produce distinct changes in brain activity yielding improvements in behavioral performance 

across different temporal windows. A study of the contributions of short (1 session) and long (3 

sessions across 5 days) time courses of PL to behavioral improvements in the visual system 

showed that these two time courses of visual PL involved distinct changes in 

electroencephalogram (EEG) recordings in human subjects with behavioral improvement; only 

the changes observed with a long time-course of PL were preserved 6 months later (Qu et al., 
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2010). In the olfactory system, direct evidence to clarify the difference in the time courses of PL 

is still lacking. It is not yet known what amount of enrichment is necessary for olfactory 

perceptual learning to occur and there are a number of questions as to how short-term enrichment 

could affect olfactory performance.  

 In line with previous studies on OPL, our results show that long-term olfactory 

enrichment of 10 days, as well as short-term enrichment of 5 days, improves the ability to 

discriminate perceptually similar odors, and that this improvement is relatively long lasting. 

Results showed that animals given odor enrichment for 1-hour daily for either 5 or 10 days, 

improved in their ability to discriminate the enantiomers of limonene. When tested immediately 

following cessation of the enrichment period, both 5-day and 10-day enriched animals exhibited 

significantly enhanced discrimination ability for the enantiomers of limonene, as compared to 

non-enriched controls. Furthermore, when tested 5, 10, or 20 days following cessation of the 

enrichment, they maintained the ability to discriminate the two odors. In contrast, non-enriched 

animals did not show improved ability to discriminate (+)-Limonene and (–)-Limonene 

immediately following the enrichment period, nor at any of the retention points tested.  

 Surprisingly, unlike the observed improvements in discrimination behavior, enriched 

animals do not maintain long-lasting enrichment-induced improvements in memory duration. 

However, because of variability in the behavior of control animals, it is difficult to make strong 

conclusions. Prior to the enrichment period, enriched animals were unable to maintain a memory 

for the habituation odor when tested 30 min or 60 min after habituation, while control animals 

were able to maintain an odor memory at 30 min but not at 60 min. However, following either 5 

or 10 days of enrichment, when tested immediately after cessation of the enrichment period, 

enriched animals showed enhanced memory duration and maintained an odor memory for the 

habituation odor that lasts when tested at 30 min and 60 min after habituation. Control animals 

remained at pre-enrichment performance and were able to maintain an odor memory at 30 min 

but not at 60 min. This result supports previous studies that olfactory enrichment improves odor 

memory (Rochefort et al. 2002). However, while we found that the improvement in 
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discrimination is long lasting, maintaining up to 20 days after cessation of the odor enrichment 

period, the stability of improvement in odor memory is less clear. When tested 5, 10 or 20-days 

following cessation of olfactory enrichment, enriched animals lost the improvement in odor 

memory duration seen immediately following the enrichment period. Enriched animals were 

unable to maintain a memory of the habituation odor when tested at 30 min and 60 min after 

habituation, similar to pre-enrichment performance. The performance of control animals 

however is less clear. When tested 5 days following the enrichment period, control animals were 

unable to maintain an odor memory after a 30 min or 60 min delay. At the 10-day retention test, 

control animals were able to maintain an odor memory after a 30 min but not 60 min delay, 

similar to pre-enrichment and post-enrichment behavior. However, at the 20-day retention test 

control animals retained the odor memory at both the 30 min and 60 min delay. It is possible that 

the lack of significance at this testing stage could be a result of the low investigation times of 

control animals. Furthermore, the highly variable fluctuations in performance of control animals 

across testing stages could be a result of variance in this group. As testing at each time point is 

the mean result of responses of 4 animals in each group, the performance of any animals that 

varies from the mean but isn’t large enough to be an outlier can have large effects on behavioral 

output. As the results of pilot testing revealed very robust effect size for differences between 

enriched and non-enriched animals, I used a power analysis to determine that 4 animals per 

group would yield significant statistical power yet minimize the number of animals needed for 

experimentation. However, the analysis for discrimination and memory performance likely 

needed to be computed separately, given the variability with the result of memory performance. 

It is reasonable then that with larger numbers of animals tested at each time point, variations in 

performance wouldn’t produce much of an effect on statistical analysis. Additionally, in a 

previous study, McNamara and colleagues found that at the timescales they tested (50-sec odor 

presentation and 5-min ITIs) mice presented with 4 habituation trials of an odor retained a 

memory of that odor for up to 30 min after the last habituation trial, but not 60 min after 

(McNamara et al., 2008). They show that this form of habituation is dependent on bulbar 
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processing and mediated by activity of N-methyl D-aspartate (NMDA) receptors in the olfactory 

bulb. Yet, a more recent study looked at how the number of habituation trials affects odor 

memory duration and specificity and found that after four habituation trials, memory for the 

habituation odor decreased with increasing delay from the last habituation trial (Freedman et al., 

2013). They show that by 20-min after the last habituation trial, mice lost the memory for the 

habituation odor and had significantly increased their investigation response. Taken together, 

these data suggest that odor memory when tested at 30-min is labile and susceptible to change 

and importantly, could explain the changes in odor memory I obtained after the 30 min delay.  

 However, while results of enrichment after a 30 min delay are inconclusive, results after a 

60 min delay are more consistent. At pre-enrichment testing, no animals were able to maintain an 

odor after a 60 min delay. Yet when tested immediately following enrichment, both groups of 

enriched animals were able to maintain an odor memory at 60 min while control animals did not. 

When tested 5-, 10-, or 20-days later, enriched animals lost this improvement in odor memory 

duration and returned to pre-enrichment performance levels. This suggests that enrichment 

indeed acts to improve odor memory, but the improvement is short lasting. Unlike enriched 

animals, control animals were unable to maintain an odor memory at 60 min when tested at 5-, or 

10-days following enrichment. Although control animals showed a non-significant difference in 

investigation between Hab4 and Hab60 at 20-days following enrichment, this is likely due to low 

investigation times or variance in animal’s behavior for this group, as described above. 

Therefore, results here might suggest that enrichment acts to produce long-term improvements in 

discrimination behavior, and suggest that the improvements on odor memory duration after a 

60min delay are less stable and short lasting. However, further testing would provide more 

conclusive evidence to confirm this result.  

 In order to understand how different time-courses of OPL modulate adult-born neurons, 

we used BrdU-labeling to observe the PL-induced affect on cell survival. In support of previous 

studies showing that enrichment increases the number of BrdU-labeled neurons (Rochefort et al., 

2002; Mandairon et al., 2006a; Moreno et al., 2009), we found that both 5-day and 10-day 
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enrichment periods increase the number of BrdU-labeled cells in the OB. Yet, the enrichment-

induced modulation of adult-born neuronal survival doesn’t follow the changes observed in 

olfactory behavior. Animals in the enriched groups (5-day enriched, Delayed 5-day enriched, and 

10-day enriched) showed significantly increased BrdU labeling compared to control animals, 

when tested at the post-enrichment, 5-day retention and 10-day retention stage. However, 

unexpectedly, the enrichment-induced increases in the number of BrdU/NeuN-positve cells 

returned to control numbers at the 20-day retention time point. This is a surprising result 

considering that enriched animals still maintain the ability to discriminate between +Limonene 

and –Limonene at the 20day retention test. A 2006 study by Mandairon and colleagues found 

that discrimination behavior was maintained when tested at 2 and 20 days following cessation of 

10 day olfactory enrichment, but not at 40 days (2006a). It could be assumed, then, that the loss 

in behavioral improvement occurs somewhere between 20 and 40 days following the enrichment, 

and that the reduction of BrdU numbers to control levels in enriched animals at the 20-day 

retention test, observed here, is the precursor to this loss in behavioral improvement. Futher 

testing of BrdU levels at intermediate time points between 20 and 40 days would be need to 

confirm this result.  

 Some support for this idea comes from a 2008 study of visual PL in which Yotsumoto 

and colleagues (2008) found that a long time course of PL produced an improvement in 

behavioral performance and an increase in fMRI signal of V1 which they attribute to an increase 

in the number or strength of synaptic connections to enhance performance an increase fMRI 

signal. However, upon post-testing, once subjects had attained the criterion level of learning, the 

fMRI signal decreased to the level seen before training. The authors suggest that the decrease in 

fMRI signal could be a result of synaptic downscaling such that only synapses most critical to 

the task survive. Similarly, in the OB it has been shown that novelty increases survival and 

reduces elimination of adult-born neurons, which could explain the return of BrdU-labeled cells 

to control levels at the 20-day retention test (Magavi et al., 2005; Veyrac et al., 2009; Lazarini 

and Lledo, 2011). Veyrac and colleagues (2009) found that repeated daily exposure to novel 
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odorants but not daily enrichment with familiar odorants improves short-term olfactory memory 

and increases survival of adult-born cells in the mouse OB, and that this effect is mediated 

through noradrenaline. Other studies have shown that adult-born neurons not activated by novel 

odorants while undergoing synaptogenesis in the OB go on to die (Magavi et al., 2005; Lazarini 

and Lledo, 2011). Furthermore, the increased survival induced by olfactory enrichment has been 

shown to be transient; the newborn cells rescued by enrichment disappear from the OB 30 days 

after removal from the enriched environment (Rochefort and Lledo, 2005). Taken together, these 

data could suggest a model in which sensory enrichment during the critical period of 

neurogenesis promotes increased survival of one subset of newly generated adult-born nuerons, 

while the remaining subset does not. The surviving neurons receive a “survival tag” when they 

receive strong synaptic input during the experience of salient olfactory-guided behaviors, that 

extends their life past that of “non-tagged” cells (Frey and Morris, 1997; Redondo and Morris, 

2011). However because a large number of adult-born neurons are recruited in the OB every day, 

elimination of some adult-born cells is necessary to maintaining the overall number of GCs in 

the entire OB within a functionally appropriate range. Therefore, in the period following removal 

from the sensory environment, even cells that have received this “survival tag” are downscaled 

such that only the most useful neurons are retained and to also make room for the integration of 

successive cohorts of new neurons.  

 The results of this experiment are interesting because both time courses of enrichment 

yielded similar behavioral and immunohistological results, suggesting that even a relatively short 

period of enrichment can improve olfactory behavior and increase survival of adult-born 

neurons. Some of the earliest work on olfactory perceptual learning showed that 20 or 40 days of 

enrichment improved odor memory (Rochefort et al., 2002) while subsequent studies have 

shown that even shorter periods of 10 days of enrichment, can yield long-lasting improvements 

in discrimination as well as increased number of BrdU-labeled neurons (Mandairon et al, 2006a; 

Escanilla et al., 2008; Moreno et al., 2009). Preliminary studies I performed showed that 5 days 

is the minimum number of days of enrichment necessary to see improvements in olfactory 
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behavior (data unpublished). Therefore, we questioned how much enrichment is necessary for 

long-term improvements in olfactory behavior and for modulation of adult-born neurons in the 

OB. Considering that we observed 5 days to be the minimum amount of enrichment necessary to 

observe improvements in discrimination and memory behavior, this might suggest that there is 

an amount of sensory enrichment necessary to induce behavioral improvements and once that 

point has been reached the olfactory improvements are stable and long lasting. It is likely that 

this point at which behavioral improvements manifests, corresponds to points of synaptogenesis 

and increasing synaptic plasticity for the adult-born neurons.  

 We have seen from studies by Yamaguchi and Mori (2005) that there is a critical period 

of sensory activity needed to ensure the survival of adult born neurons. Additionally, Kelsch and 

colleagues (2009) showed that during this critical period there is significant synaptogenesis that 

shapes adult-born neuron survival, integration, and activity. Furthermore, it is theorized that the 

point in which new neurons make functional synapses with other cells in the network is a critical 

component of determining their survival (Woo et al 2006; Kelsch et al. 2008, 2009). Given this, 

we hypothesized that a 5-day enrichment period would occur during the period of high density of 

input synapse development while output synapses are only starting to appear (Kelsch et al., 

2008), and would be sufficient to see transient behavioral improvements in discrimination 

potentially as a result of short-term changes in synapse formation, synaptic plasticity, and/or the 

increased intrinsic excitability of adult-born GCs (Kelsch et al., 2009; Nissant et al., 2010). 

Conversely, a 10-day enrichment period would occur throughout the period of stabilization for 

input synapse and increased output synapse formation, yielding increased neuron survival and 

improved discrimination ability. Yet given that both 5-days and 10-days of enrichment yielded 

similar improvements in behavior and adult-born cell survival, our work demonstrates that 

relatively short periods of olfactory enrichment (5 days) are sufficient to produce long-lasting 

changes in odor perception, when the enrichment period corresponds to the time needed for 

behavioral improvements to manifest. Furthermore, while the manifestation of improvement in 

odor discrimination and memory might be governed by increased cell survival, the maintenance 
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of these memory improvements may be regulated by different mechanisms. However, current 

data on the role of neurogenesis in odor memory is still under debate. A deficit in long-term 

olfactory memory was reported after blockade of bulbar neurogenesis (Lazarini et al., 2009; 

Sultan et al., 2010) and after genetic ablation (Breton-Provencher et al., 2009; Pan et al., 2012), 

conversely no deficit was reported for other studies using genetic ablation (Gheusi et al., 2000; 

Imayoshi et al., 2008). Therefore, whether acquisition and/or maintenance of odor memory rely 

on increased adult-born cell survival still needs to be further investigated. Nonetheless, given 

that BrdU numbers returned to control levels at 20 days following removal from the enriched 

environment while improved discrimination ability persisted, suggests that the increased 

BrdU/NeuN+ cell survival plays an important role in the manifestation of odor discrimination 

improvements but not for odor memory improvement and is perhaps only partially responsible 

for the maintenance of discrimination ability.  

 In conclusion, this study demonstrates that in the olfactory system even short periods of 

enrichment can yield long-term improvements in odor discrimination ability and short-term odor 

memory that corresponds to increased survival of adult-born neurons. This study found that 5 

days of enrichment is sufficient to produce long-lasting changes in odor discrimination but both 

5 and 10-days of enrichment only yield short-term improvements in odor memory duration when 

tested after a 60min delay. Surprisingly, although both 5 and 10-day enriched animals 

maintained discrimination improvements until tested 20 days following the enrichment period, 

the quantity of BrdU labeling returned to control levels at this point. Although these results do 

not demonstrate a direct link between neurogenesis and behavioral performance, it is very likely 

that a combination of increased olfactory bulb interneurons contributing to structural or 

functional synaptic changes, and likely (though not tested) neuromodulatory factors mediated by 

bulbar activity, act to improve olfactory performance.  
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CHAPTER 3 

Olfactory Perceptual Learning Increases Acquisition of a 2 Alternative Forced-Choice 

Discrimination Task Following Daily Olfactory Enrichment. 

 

ABSTRACT 

 Specificity in perceptual learning (PL) has long been considered a hallmark in 

distinguishing PL from other forms of learning. However, recent studies have challenged early 

models of PL specificity and understanding the mechanisms and conditions under which PL 

generalizes has become an area of significant research and focus. The present study aims to 

explore whether olfactory perceptual learning via olfactory enrichment enhances learning of a 

reward association (i.e. reduces time to make reward-odor association) of odors in a forced 

choice discrimination task. Mice were trained to perform on a two-alternative forced choice task 

(2AFC) following exposure to a pair of perceptually similar odors for one hour daily over a 

period of 10 days.  Enriched and non-enriched animals were measured on their rate of acquisition 

of the 2AFC task, as well as their performance on the task using novel sets of chemically similar 

odorants. We show that olfactory enrichment significantly improves acquisition of the 2AFC 

task compared to non-enriched animals, but only provides modest improvements once the task 

has been learned. These results further support other recent studies challenging the long-held 

view that perceptual learning does not transfer to other tasks, stimuli or locations. 

 

INTRODUCTION 

 Perceptual learning (PL) is the ability of sensory systems to improve in performance 

following repeated exposure to stimuli. It is generally defined as gains in performance on 

perceptual tasks as a result of experience-dependent changes in the properties of neurons and 

changes in the functional organization of perceptual systems (Gibson, 1963). For example, 

studies of PL with visual search tasks, tasks in which observers are asked to find a target object 

hidden among distractors or in noisy backgrounds, show that experience leads to significant 
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improvements in sensitivity and speed (Karni and Sagi, 1993; Sireteanu and Rettenbach, 1995; 

Ahissar and Hochstein, 1997; Sigman and Gilbert, 2000). Similar examples have been shown to 

occur across sensory systems. In the auditory system, studies using the temporal discrimination 

task, where a subject is assessed on the ability to discriminate whether two brief tones are 

separated by either a standard interval or a comparison interval of longer or shorter duration, 

have shown that training over several days on a particular interval leads to improved 

discrimination performance as measured by a decreased, more accurate discrimination threshold 

(Recanzone et al., 1993; Wright et al, 1997; Westheimer et al., 1999; Delhommeau et al., 2002) 

Surprisingly, the PL-induced learning effects were not observed to reflect general improvements 

in perceptual skills; instead, the learning was specific to the trained conditions, stimuli, context 

or tasks used (Goldstone, 1998; Gilbert et al., 2001; Fahle, 2005). This lack of transfer of learned 

attributes, or specificity, has long been considered a key characteristic of PL, distinct from other 

forms of learning, such as associative or object learning (Brandon et al., 2000; McLaren and 

Mackintosh, 2002; Wisniewski et al., 2012; Zentall et al., 2015). Understanding the mechanisms 

underlying PL and, in particular, when PL transfers (or generalizes) has been an important yet 

controversial focus in the field.   

 Transfer of PL has been extensively studied in the visual, auditory and somatosensory 

systems with early behavioral studies demonstrating highly specific benefits of PL (see Chapter 

1 for more detail). In the visual system, the transferability of visual PL is usually examined by 

comparing a physical stimulus defining a particular visual feature under the trained versus the 

untrained condition. It has been shown that the learning effects are often specific such that 

perceptual improvements for a particular stimulus do not generalize to other stimuli. Generally, 

performance improvements are not observed, if the test stimulus has a different orientation 

(Karni and Sagi, 1993; Saarinen and Levi, 1995; Crist et al., 1997; Schoups et al., 2001), motion 

direction (Ball and Sekuler, 1987; Watanabe et al., 2001), or contrast (Adini et al., 2002; Yu et 

al., 2004) than the trained stimulus. Furthermore, studies have shown that PL is also highly 

specific for the exact task that has been learned, even if the stimuli tested in two different tasks 



 
 

 
 

106 

are so similar to each other as to be indistinguishable by an untrained observer (Fahle and 

Morgan, 1996; Ahissar and Hochstein, 1997; Saffell and Matthews, 2003; Seitz et al., 2005). In 

consensus with studies of the visual system, studies of PL specificity in the auditory system 

include those that test generalization of learning to untrained stimuli (stimulus generalization), to 

judgments along untrained stimulus dimensions (task generalization), and to untrained testing 

procedures. In total, specificity has been reported for retinal position, stimulus orientation, size, 

spatial frequency, motion direction, temporal-interval discrimination, frequency discrimination 

(Ball and Sekuler, 1982, 1987; Crist et al., 2001; Fahle & Poggio, 2002; Fiorentini and Berardi, 

1980, 1981; Schoups et al., 1995; Delhommeau et al., 2002; Karmarkar and Buonoman, 2003; 

Fitzgerald and Wright, 2005). Given that such specificity coincides with responses of early 

sensory neurons to these specific features, it was concluded that the representation of the trained 

objects might be mediated by enhanced neural plasticity in early cortical areas (Gilbert et al., 

2001; Schoups et al., 1995; Karni and Bertini, 1997). This conclusion led to early theories that a 

high specificity of PL fits better with a neuronal substrate at early cortical levels, which was 

further supported by single-cell recordings, as well as fMRI studies in humans, demonstrating 

plasticity in early cortical regions during PL (Adab & Vogels, 2011; Schoups, et al., 2001; Ghose 

et al., 2002; Yang et al., 2004; Raiguel et al., 2006; Jehee et al., 2012). Yet in contrast to these 

early studies, a growing body of modern research has challenged this early model of PL and, 

instead, suggests that specificity is not a necessary aspect of perceptual learning, that there are 

more instances in which training on complex tasks result in significant learning transfer. 

  More recent models for transfer of perceptual learning propose that improved 

performance in one condition transfers to a different condition when tasks or stimuli share access 

to the same processing substrates or resources, such as when stimuli share particular features, 

when the learned tasks are related, when the task difficulty of the transfer task is reduced, or 

when task precision is low (Ahissar and Hochstein 1997, Crist et al. 1997, Delhommeau et al. 

2002, Jeter et al. 2009; Wang et al. 2013). Other studies have implicated a role of stimulus 

complexity (McGovern et al., 2012), training time (Jeter et al., 2010), and characteristics of the 
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transfer tasks (Jeter et al., 2009) in determining the specificity or generality of learning. For 

example, studies of olfactory enrichment show that olfactory PL generalizes to novel odors when 

those odors have overlapping patterns of glomerular activation with the learned odor (Mandairon 

et al., 2006a). Recent studies using novel double training procedures have consistently shown 

transfer of learning to untrained locations regardless of task precision or difficulty (Xiao et al., 

2008; Wang et al., 2012, 2014). Results of these double training studies suggest a model wherein 

higher-level decision units learn a set of rules for weighting inputs from low-level areas, with the 

degree of learning-transfer dependent upon on the extent to which those rules are applicable to 

new stimuli, tasks, or contexts (JY Zhang et al., 2010). In support of this, neurophysiological 

studies have shown PL-associated changes in neural activity and connectivity across multiple 

levels of visual cortex, as well as changes in parietal and frontal areas (Law and Gold, 2008; Gu 

et al., 2011; Byers and Serences, 2012). Together these studies suggest that transfer of learning 

may be more ubiquitous than previously believed. 

 Barring studies demonstrating stimulus generalization in OPL, investigations of the 

transfer of perceptual learning within the olfactory system are still woefully under-described. In 

the olfactory system, discrimination of a pair of perceptually similar odorants is improved by 

enrichment with the same odorants as well as odorants that activate regions of the olfactory bulb 

that overlap in glomerular activity with the discriminated pair (Mandairon et al. 2006a). 

However, studies demonstrating transfer of learning between olfactory tasks has been more 

elusive. There are a number of studies showing that learning in various contexts (i.e. fear 

conditioning, reward-associations, olfactory enrichment) modulates odor representation through 

increased generalization of odors similar to the conditioned odor (Pavesi et al. 2012), improved 

discrimination of perceptually similar odors (Mandairon et al. 2006b), or increased time span of 

olfactory short-term memory (Rochefort et al. 2002). However, there has not yet been a study to 

directly examine how perceptual learning (via olfactory enrichment) in a non-associative context 

affects other types of olfactory learning, such as in an associative task (i.e. reward-association). 

Therefore, this study explored whether olfactory perceptual learning via olfactory enrichment 
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enhances learning of a reward association (i.e. reduces time to make reward-odor association) of 

odors in a forced choice discrimination task. We did this by utilizing a 10-day enrichment period, 

after which, animals underwent a 2 alternative forced-choice (2AFC) task. This allowed us to 

investigate differences in the rate of learning of an odor-reward association between enriched 

animals and control animals. Utilizing this task provided behavioral data for a number of metrics 

in the same task. Metrics for measuring enrichment-induced modification to reward learning 

included: # of trials to reach criterion, performance (% of correct trials), and latency to dig as a 

measure of uncertainty in decision-making. We found that olfactory enrichment significantly 

improves acquisition of the 2AFC task compared to non-enriched animals, but only provides 

modest improvements once the task has been learned. 

 

MATERIALS AND METHODS 

Animals and Housing  

 Sixteen male C57BL/6J mice (8 weeks old, Jackson Laboratory) were used in this study. 

Animals were group housed in standard laboratory cages where they were allowed access to 

water ad libitum. However, animals were kept on a food restriction schedule designed to keep 

them at 85% of their ad libitum food body weight before training and maintained at that weight 

throughout the training and testing periods. Mice were kept on a reversed 12hr light/dark cycle 

with lights off from 10AM to 10PM. Behavioral testing was performed between 12:00 and 

18:00, which ensures that animals are in the active portion of their day-night cycle. 

EXPERIMENTAL DESIGN 

Olfactory Enrichment  

Enrichment was applied as previously described (Mandairon et al., 2006b). Odors used for 

enrichment consisted of the enantiomers (+)-Limonene and  (–)-Limonene. Enriched animals 

received exposure to the enrichment odors for 1 hour daily for 10 days, while the non-enriched, 

control animals were held under the same conditions except were exposed to mineral oil rather 
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than receiving odor exposure. For enrichment, 100µl of pure odorant of (+)-Limonene or (–)-

Limonene were each pipetted onto a cotton swab and placed into an individual tea ball. 100µl of 

mineral oil was pipetted onto a cotton swab each and placed into an individual tea ball to be used 

for control animals. One tea ball for each of the enrichment odors was hung from the behavior 

chamber for the enriched animals (for a total of 2 tea balls per chamber) for a period of 1 hour. 

Control animals were presented with 2 tea balls containing MO instead of odorant during the 

enrichment period. 

Odor Sets 

The odorants used for testing were +limonene, -limonene, pentanol, butanol, decanal, dodecanal, 

+terpinen-4-ol, -terpinen-4-ol, amyl acetate and butyl acetate. Odor sets were coded so that the 

experimenter was unaware of the identity of each odor. For behavioral testing,  

5 odorsets were used with odors diluted in mineral oil, as described in Cleland et al., 2002, so as 

to emit a theoretical partial vapor pressure concentration of 1.0Pa. These odorant pairs were 

chosen because studies have shown animals are unable to spontaneously discriminate the two 

odors within the pair prior to receiving olfactory enrichment. In addition, all odors have varying 

degrees of overlap in glomerular activation with +/- limonene (Mandairon et al., 2006a).  

 
Table 1. Odor pairs used for 2 alternative forced-choice task with corresponding %vol/vol 
dilutions in mineral oil (0.1Pa) 

Odorset Name %v/v 
OS1 Amyl Acetate / Butyl Acetate 0.00723 / 0.00219 
OS2 + Terpinen / - Terpinen 0.6631 / 0.6631 
OS3 Decanal / Dodecanal 0.1776 / 12.498 
OS4 + Limonene / - Limonene 0.0204 / 0.0204 
OS5 Pentanol / Butanol 0.0074 / 0.0021 

Training + Carvone / - Carvone 0.4716 / 0.4716 

 

Behavioral Training and Testing 

Animals were randomly placed into 2 groups: enriched (exposure to +/- Limonene, n=8) or non-

enriched (control, mineral oil exposure, n=8). All behavioral training and testing took place in a 
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transparent Plexiglass chamber divided into two subchambers by a sliding, opaque Plexiglass 

board. Over the course of several days, mice were habituated to the experimental chamber and 

shaped to dig in glass dishes of unscented sand. Following this, each mouse was trained to 

retrieve a sucrose pellet reward by digging in glass dishes of unscented sand. During the first few 

trials, the reward was placed on the top of the sand in one dish. After successful retrieval of the 

reward over several trials, the reward was buried deeper and deeper within the sand. Once the 

mouse learned to dig to retrieve the reward, the dishes were moved around randomly within the 

test chamber. Shaping was considered complete when a mouse consistently dug for the reward 

across consecutive sessions. Olfactory enrichment began immediately following completion of 

the dig training. Animals in the enriched group were subjected to 10 days of olfactory 

enrichment with + and - limonene for 1 hour daily while non-enriched animals were presented 

with mineral oil throughout the enrichment period.  

 Following the enrichment period animals underwent training to learn the forced-choice 

odor task using (+)-Carvone and (-)-Carvone. (+) and (-)-Carvone were selected for training as 

the two odors in the pair are easily discriminated, and do not share overlapping regions of 

glomerular activation with +/- Limonene (Linster et al., 2001). During +/- Carvone training, 

odorants were presented to the animals via two glass dishes filled with sand scented with either 

(+)Carvone or (-)Carvone. One of the two odorants was randomly chosen as the rewarded odor; 

this remained consistent for any given mouse but varied among different mice. One dish was 

scented with the rewarded odor and contained the sugar-pellet reward, while the other dish was 

scented with the non-rewarded odor and contained no reward. At the start of each trial, the two 

dishes were placed in the chamber on the opposite side of the divider from the mouse. Removal 

of the divider signaled the start of the trial, allowing the mouse to approach and investigate the 

dishes. Stimulus selection occurred when the mouse began to dig in one of the two dishes of 

scented sand. Each trial lasted 1 min and mice were allowed to dig in only one of the two dishes, 

and were allowed to retrieve the reward if dug first in the rewarded dish. Mice were scored as 

correct (1) if the mouse dug in the rewarded dish or incorrect (0) if the mouse dug in the non-
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rewarded dish. Trials were scored as a failure (X) if mice did not dig in either dish. Animals were 

trained over 20 trails per day and placement of the dishes was pseudo-randomized across trials 

with respect to the left and right position in the testing chamber to eliminate position bias. This 

training allowed the mice to learn the parameters of the forced-choice task using pairs of 

odorants not in the set of experimental odorants. Animals were trained daily using +/- Carvone 

until they reached criterion performance (85% of trials correct in a session for two consecutive 

sessions). Animals that reached criterion proceeded to experimental testing; otherwise animals 

continued to be trained until they reached criterion performance before proceeding to testing.  

 During forced choice testing, animals were randomly presented with a pair of odorants 

from the 5 odorsets (Table 1). Presentation of odors and testing occurred as follows: Each day, 

one odor from each odorset pair was randomly assigned as the rewarded odor. The two dishes 

were placed in the chamber on the opposite side of the divider from the mouse; removal of the 

divider signaled the start of the trial. Each trial lasted 1 min and mice were allowed to dig in only 

one of the two dishes. Mice were scored as correct (1), incorrect (0) or as a failure (X) for each 

trial. Animals were tested over 25 trials and placement of the dishes was randomized across 

trials. Animals were tested on one odorset per day across 5 days of testing, until each animal had 

been tested on each odorset. To control for the possibility that mice might locate the sucrose 

reward via its own odor rather than by learning the association with a testing odorant, every fifth 

trial was performed without any reward present; once the mouse registered a preference by 

digging in the pot scented with the reward-associated odorant, the reward was dropped onto the 

scented sand to maintain the association of the odorant with the reward. Mice that failed to dig at 

least twice per odorset during these probe trials were eliminated from further analysis. No mice 

were eliminated from analysis. 

Statistical Analysis 

 Training data were analyzed by averaging the total number of trials needed to reach 

criterion performance (performance above 85% correct of trials in a session, for two consecutive 
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sessions) for enriched and non-enriched animals. The total number of trials needed to reach 

criterion were compared with independent t-test analysis to determine whether there was a 

statistically significant difference between groups to reach learning criterion.  

 Experimental data were analyzed as number of correct trials over 5 trial blocks within 

each odorset. Performance (number of correct trials) was averaged within groups for each trial. 

Results are presented as group mean ±SEM. Statistical comparisons were made using a mixed 

model ANOVA with number of correct choices grouped in blocks of 5 trials as the dependent 

variable with odorset and trial block as within subjects factors and group (enriched vs. non-

enriched) as the between subject factor. This was followed by ANOVA for repeated measures 

separately testing each odorset for main effects of group and trial block. After ANOVA testing, 

pairwise comparison tests (with Bonferroni adjustment for multiple comparisons) were 

performed to determine differences in performance. Significance was set at P<0.05. 

 Experimental videos were scored by a blinded investigator who recorded response 

latency for each trial as the time from start of the trial (when the divider between the rest 

chamber and behavior chamber was lifted), to the time when the animal began to dig in one of 

the pots of scented sand. Data were grouped in blocks of 5 trials for each odorset and analyzed 

using a mixed model ANOVA with trial and odorset as the within subjects factors and group 

(enriched vs. non-enriched) as the between subject factor. Significance was set at P<0.05. 

 All statistical analysis was performed using SPSS. 

 

RESULTS 

 To characterize the effects of perceptual learning on acquisition of an associative odor-

learning task, enriched and non-enriched animals were first trained to perform a 2 alternative 

forced-choice (2AFC) task. This training allowed the mice to learn the parameters of the forced-

choice task using pairs of odorants not in the set of experimental odorants. Animals were trained 

daily using +/- Carvone until they reached criterion performance (85% of trials correct in a 

session for two consecutive sessions). Animals that reached criterion proceeded to experimental 
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testing; otherwise animals continued to be trained until they reached criterion performance 

before proceeding to testing. Results of independent t-test analysis show a significant difference 

between enriched (41.75 ± 2.67) and control (55.63 ± 3.81) groups in average number of trials 

needed to reach criterion performance, t(14)=-3.187; p=0.007. In particular, animals in the 

enriched group required significantly fewer trials to reach criterion as compared to control 

animals (Figure 3.1A). Figure 3.1B shows the difference in training acquisition curves over 

blocks of 20 trials.  

 Following acquisition of the discrimination task to determine whether olfactory 

enrichment enhances learning of a reward association, mice were presented with pairs of 

perceptually similar odorants and measured for their performance on five daily 2AFC odor 

discrimination tasks, and results analyzed using a mixed model ANOVA. Results of performance 

(the ratio of number of correct trials over total trials) grouped in blocks of 5 trials as the 

dependent variable, odorset and trial as within subjects factors, and group (enriched vs. non-

enriched) as the between subject factor, revealed significant effects of Trial [F(4, 314.155) = 

13.712, p <0.005 ], but non-significant effects of Group [F(1, 13.709) = 3.287, p=0.092) and 

odorset [F(4, 316.632) = 1.827, p=0.123), indicating an effect of trial on performance. However, 

there were no significant interactions between group, trial, or odorset, nor a significant 

Figure 3.1. Enrichment increases acquisition of a 2-alternative forced-choice odor discrimination task. 
(A) Average number of trials to reach criterion between enriched and non-enriched (control) animals. Asterisks 
indicate significant difference between groups; *, p<0.05. (B) Average percent correct performance for 
consecutive 20 trial blocks. The horizontal dashed line indicates the level of criterion learning (≥85% correct 
decisions in a block of 20 trials. Graphs show average investigation time (± SEM).  
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interaction between all three terms. The significant effect of Trial can be observed as the general 

improvement in performance for both groups across all 25 trials for each odorset (Figure 3.2). 

Yet because the mixed model ANOVA is an omnibus test, it is common practice to conduct 

follow-up tests to a mixed design ANOVA in order determine if there are any statistically 

significant main effects (Field, 2009); therefore this result required an analysis of the main effect 

of group and trial block using ANOVA for repeated measures.  

 Results of ANOVA for repeated measures testing for main effect of trial block and group, 

revealed that for most odorsets there was a significant main effect of trial: OS1 [F(2.276, 27.315) 

= 3.661; p=0.034], OS2 [F(4, 44) = 4.342, p=0.005], OS3 [F(4, 44) = 7.230, p=0.001], OS4 [F(1, 

11) = 4.861, p=0.05]; but not for OS5 [F(4, 44) = 1.303, p=0.163. While there was a significant 

main effect of group for OS5 [F(1, 11) = 7.185, p=0.021], there was not a significant main effect 

of group for the other odorsets. These data indicate that there are overall differences between 

trials for OS1-OS4, suggesting an improvement in performance over the course of testing; but 

for these odorsets there is not a significant difference in performance between the enriched and 

control groups (Figure 3.2A-D). Conversely, for OS5 there is a non-significant effect of trial 

suggesting that although there was not a significant improvement in performance across trials on 

this odorset, the significant effect of group indicates that enriched animals performed at a higher 

level than control animals for this odorset (Figure 3.2E). Yet differences in performance, 

yielding the significant main effect of trial, could be due to differences in performance during the 

early trials of the task or to differences in performance during the final trials. Differences in 

performance between early trials and later trials would indicate differences in acquisition of the 

odor-reward association or learning rate. Pairwise comparisons between groups for each trial at 

each odorset, revealed that for odorsets 1-3 there was no difference between groups at either the 

first 10 trials, or last 10 trials (p>0.05). However, this behavior differed for both OS4 and OS5.  
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 Analysis showed that for OS4, enriched and control animals did not differ in performance 

for the first 10 trials of the task, but enriched animals showed a significant increase in choice 

accuracy for the last 5 trials (p=0.011; Figure 3.2D). Similarly, for OS5, enriched and control 

animals did not differ in performance for the first 10 trials of the task, but enriched animals 

Figure 3.2. Enrichment provides no greater benefit for performance in a 2-alternative forced-
choice odor discrimination task after training. Graphs show average performance ratios per 
group (± SEM). Each data point represents the average number of correct trials in 5 blocks of 25 
trials performed per animal for 5 odorsets of perceptually similar odors. Over the course of testing 
both enriched and non-enriched (control) animals improved in performance of the discrimination 
task for all odorsets, however, enriched animals performed no better than controls for 3 out of 5 
odorsets. Enriched animals performed better than controls for the last 5 trials of the +/- Limonene 
odorset and the last 10 trials of the Pentanol/Butanol odorset. Asterisks indicate significant 
difference between groups; *, p<0.05.  
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showed a significant increase in performance for the last 10 trials (p=0.044; Figure 3.2E). This 

suggests that while both groups initially have difficulty with the discrimination, enriched animals 

learn the association faster than the non-enriched animals and made significantly fewer errors in 

acquisition of the last 10 discrimination problems compared to the first 10 problems. This 

increase in learning rate across trial blocks is consistent with other studies showing acquisition of 

a “learning set” or “rule learning” for solving odor discrimination problems (Slotnick and Katz, 

1974; Quinlan et al., 2004; Cohen et al., 2015).  

 Additionally, in order to understand whether perceptual learning may have affected 

decision-making between enriched and non-enriched animals, all behavioral videos were scored 

for latency to dig. As the 2AFC task is a commonly used task for measuring the speed and 

accuracy of choices, these data can provide evidence for the role of experience in the speed-

accuracy tradeoff problem. For each trial, the time from start of the trial (when the divider 

between the rest chamber and behavior chamber was lifted) to the time when the animal began to 

dig in one of the pots of scented sand were measured and recorded (Figure 3.3). A mixed model 

ANOVA, with latency to dig as the dependent variable, odorset and trial as within subjects 

factors, and group (enriched vs. non-enriched) as the between subject factor, revealed a 

significant effect of Trial [F(3.037, 170.093) = 30.099, p <0.005 ], but non-significant 

interactions between trial, group, odorset, as well as a non-significant three way interaction 

between all terms. This indicates there was no significant difference between enriched and non-

enriched animals in their latency to dig, though there were significant differences in latencies 

across trials. Pairwise comparison testing of trial revealed a significant difference in latency to 

dig between the first block of 5 trials (trials 1-5) and the remaining trials (trials 6-25; p<0.0005). 

Animals had increased response latency for trials 1-5, which subsequently decreased for the 

remaining trials. This indicates that animals took longer to decide on which pot to dig for the first 

5 trials than for the final 20 trials.  
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Figure 3.3. Enriched and Non-enriched animals showed no difference in decision making 
behavior in a forced-choice odor discrimination task for each odorset tested. Graphs show 
average response latency in seconds (± SEM).  Each data point represents the average latency 
to dig for each trial in 5 blocks of 25 trials performed per animal. While both enriched and control 
animals took longer to make a decision for the first 5 trials compared to the last 20 trials, enriched 
animals had no significant difference from controls in response latency for any odorset tested. 
Asterisks indicate significant difference between blocks of 5 trials; *, p<0.05.  
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DISCUSSION 

 In this study we used daily olfactory enrichment and the 2AFC task to explore whether 

OPL via olfactory enrichment enhances learning of an odor-reward association between enriched 

and control animals. We show that olfactory enrichment significantly improves acquisition of the 

2AFC task compared to non-enriched animals, but only provides modest improvements once the 

task has been learned. These results further support other recent studies challenging the long-held 

view that perceptual learning does not transfer to other tasks, stimuli or locations. 

 Assuming that the degree of generalization between tasks can inform about the 

underlying neural mechanisms responsible for transfer of PL, there are 2 possible outcomes. One 

possible outcome is that enrichment leads to complete generalization of learning, where enriched 

animals show improved 2AFC performance compared to non-enriched animals. Another possible 

outcome is that there is no generalization of learning and enriched animals perform similarly to 

non-enriched animals. Furthermore, at least 2 behavioral generalization patterns are possible. 

One pattern is that if enrichment is only acting to separate perceptually similar odors such that 

they become discriminable, then enriched animals will show faster learning on odors in which 

limonene enrichment has been shown to improve discrimination but not on those odors which 

limonene enrichment does not improve discrimination. On the other hand, control animals will 

show a slower rate of learning than enriched animals and show no difference in learning rate 

between enrichment-enhancing vs enrichment non-enhancing odors. This would support the 

model proposed by Mandairon and colleagues (2006a) in which discrimination of a pair of 

perceptually similar odorants is improved by enrichment with the same odorants as well as 

odorants that activate regions of the olfactory bulb that overlap in activity with the discriminated 

pair. Additionally, this would support the model that suggests improved performance in one 

condition transfers to a different condition if tasks or stimuli share access to the same processing 

substrates or resources (Ahissar and Hochstein 1997, Crist et al. 1997, Delhommeau et al. 2002, 

Jeter et al. 2009, Wang et al. 2013). Alternatively, if enrichment is facilitating non-specific 

enhancements in odor learning, then enriched animals will show faster learning than control 
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animals across all odor sets (Brosh and Barkai, 2004; Quinlan et al., 2004; Lebel et al., 2006; 

Cohen et al., 2015).  By comparing these potential patterns of learning, our aim was to 

understand the degree to which perceptual learning can generalize to other forms of learning.  

 Previous studies in the olfactory system have shown that discrimination of a pair of 

perceptually similar odorants is improved by enrichment with the same odorants as well as 

odorants that activate regions of the olfactory bulb that overlap in activity with the discriminated 

pair (Mandairon et al. 2006a). Specifically, rats were given 10 days of daily enrichment with +/- 

Limonene, Pentanol/Butanol, or Decanol/Dodecanol and tested on their ability to discriminate 

the odors before and after the enrichment period. They found that enrichment improved 

discrimination for the enriched odors and odors that overlapped in their glomerular activation 

(+/- Limonene and Pentanol/Butanol) but did not improve discrimination for odors that do not 

activate overlapping OB regions (+/- Limonene and Decanol/Dodecanol). Similarly, Moreno and 

colleagues (2009) show that daily odor enrichment improves discrimination between odorants 

when there is spatial overlap between the bulbar areas activated by enrichment and test odors and 

that neurogenesis is necessary for the improvement in discrimination ability. The results of these 

studies raise the question as to whether PL in the olfactory system is similar to that of other 

sensory systems: does OPL follow the dictates of early descriptions of PL as being highly 

specific, or does OPL ascribe to more recent models showing generalization under varying 

conditions?  

 In this study we demonstrated that daily olfactory enrichment significantly improved 

enriched animals acquisition of the 2AFC task, as revealed by a significant difference in the 

number of trials needed to reach criterion between enriched and control animals on 

discrimination of (+)-and (-)-Carvone (Figure 1).  Enriched animals took approximately 25% less 

time to learn the 2AFC task as compared to control animals, suggesting that enrichment does 

indeed generalize across tasks acting, in this case, to enhance learning of an odor-reward 

association. This result is further supported by the demonstration that the enantiomers of 

Carvone and Limonene have distinct patterns of glomerular activation (Linster et al., 2001). 
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Therefore, stimulus generalization between the enrichment odors (+/- limonene) and the test 

odors (+/- carvone) is unlikely to be a factor in the transfer of the learning across tasks in this 

case. However, surprisingly out of the 5 odorsets presented, enriched animals showed 

significantly improved performance compared to control only for the last 5 trials of OS4 and last 

10 trials of OS5. This could suggests that while enrichment acts to enhance acquisition of a novel 

discrimination task, once the task has been learned enrichment provides no added benefit to 

performance, even if presented with novel odors. Some support for this comes from an 

experiment by Staubli et al. in which they used a 2- odor discrimination task to explore rule 

learning and odor memory in rats (1987). They showed that animals initially trained to criterion 

on rewarded and non-rewarded single odors (X+ and Y−), were slower to acquire a new 

discrimination between mixtures that included those odors as components (i.e. ABC+ and 

ABX−) when context of the learned odor (X) was changed. Animals initially taught to 

discriminate between completely unrelated odors (E+ and F−) were faster at acquiring the 

discrimination for the mixture (ABC+ and ABX−) than animals that were pre-exposed. 

However, when the previously learned cue was made part of both non-rewarded and positively 

rewarded complex odors (i.e. ABX+ and ACX-), there was no significant difference in 

acquisition between animals pre-exposed to the odor components and control animals that 

learned completely unrelated odors. They suggest that prior exposure, although enhancing 

discrimination had the effect of retarding learning when the role of the X element was changed 

on the subsequent testing day. Furthermore, when the previously learned cue was used in both 

conditions, the previously meaningful cue has no influence on acquisition unless the cue carried 

important information in a novel task. 

 Finally, in order to understand whether enriched and non-enriched animals may have 

applied different behavioral strategies for making discriminations, all behavioral videos were 

scored for latency to dig as a measure of decision-making. Discrimination tasks are commonly 

used for understanding the relationship between accuracy, sampling time, and task difficulty. 

Previous studies have used the 2AFC task to probe questions of (1) how reaction times vary as a 
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factor of task difficulty; (2) whether performance improves with increased sampling time; and 

(3) for a given problem whether animals change their “speed-accuracy tradeoff” (SAT), 

responding more accurately at a cost of slower responses or more quickly at a cost of reduced 

accuracy (Uchida and Mainen, 2003; Abraham et al., 2004; Khan and Sobel, 2004; Rinberg et al. 

2006). Yet, these studies have yielded rather controversial results. For instance, Uchida and 

Mainen (2003) trained rats to discriminate two pure odorants and their mixtures in a two 

alternative choice (2AC) discrimination task, varying the difficulty of the task by changing the 

relative concentrations of the components in the odor mixtures. They found that rats performed 

with lower accuracy on more difficult tasks; however, they still spent almost the same amount of 

time sampling the odor independent of task difficulty. On the other hand, Abraham and 

colleagues (2004) used a go-no-go discrimination task and water reward to show that for animals 

performing the task with accuracy above 90%, mice used longer odor exposures to solve harder 

odor discrimination tasks (270 ms for an easy task and 490 ms for the hardest task). Similarly, 

Rinberg and colleagues (2006) utilized a go-no-go paradigm to control for odor exposure time 

and task difficulty simultaneously, to demonstrate that accuracy reached its maximal level for 

easy tasks after approximately 300 ms of odor sampling, and for harder tasks, after about 600 ms 

of odor sampling. However, a more recent study by Zariwa and colleagues (2014) sought to 

reconcile these differences by testing manipulations of training and task structure on decision 

speed and accuracy. Utilizing the same 2AFC task as in the Mainen and Uchida study, they 

trained animals to discriminate binary odor mixtures and found that manipulations of reward and 

punishment contingencies increased odor-sampling times but failed to increase performance. 

However, by increasing the predictability of stimuli and the timing of a response deadline, 

animals increased accuracy, but not at a cost of speed. They suggest that differences in results 

across these studies reflect performance effects rising from differences in predictability of stimuli 

and responses; rapid performance on odor categorization is an adaptive decision strategy in the 

face of uncertainty given differences in reward expectation across tasks, rather than simply a 

tradeoff of accuracy for speed.  
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 By comparing reaction times between enriched and non-enriched animals, our aim was to 

understand whether enrichment affects decision-making performance. We found that enriched 

and non-enriched animals had similar reaction times when measuring their latency to dig on the 

2AFC task. Results of a mixed model ANOVA indicated no significant difference between 

enriched and non-enriched animals in their latency to dig; though both groups took longer to 

choose a pot to dig for the first trial, latency decreased between first and second trials, though 

remained the same for subsequent trials. This result could be explained by the effects of reward 

expectancy as supported by the results of the Zariwala study (2014). In “low urgency” conditions 

in which the probability of obtaining a reward is high and cost of mistakes is low, the optimal 

perceptual decision time is approximately 300ms and there is no added benefit for slowing odor 

sampling or decision-making. Additionally, the effect of training animals to the task might play a 

role in the behavioral strategies used for making perceptual decisions. Previous studies have 

shown that mice that are highly trained require fewer trials to perform maximally for difficult 

discriminations (Abraham et al., 2004), and in insects reward associations made during training 

changes spatial patterns of activity in the antennal lobe such that rewarded patterns are more 

easily detected (Faber et al., 1999; Yu et al., 2004). Therefore, in this study the training for 

animals to acquire the 2AFC task using (+)- and (-)-Carvone likely refined sensory 

representations so that an initially difficult discrimination task becomes easier and any benefit of 

enrichment was predominantly observed during that training.  

 The results of this study are notable in that the perceptual improvements in this study do 

not show many of the specificities reported in other demonstrations of perceptual learning as 

well as demonstrating that the perceptual improvements do not reflect the specificities of the 

training. However, further work should be done to bring understanding of the mechanisms, 

conditions and characteristics of olfactory perceptual learning to that of the level seen with visual 

and auditory perceptual learning.  
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CHAPTER 4 

CONCLUSION 

 Sensory experience plays an important role in shaping how we interact with the world 

around us. Early theories of sensory and perceptual abilities often described these abilities as 

being determined by innately organized neural mechanisms, that perceptual learning is 

genetically determined and unmodifiable (Goodman, 1932; Lashley and Russel, 1934; Hebb 

1937a; Hebb, 1937b). It wasn’t until the 1950’s that researchers began to realize that perception 

is not a simple relay of sensory information upon established neurological tracks, but, instead 

how we process sensory information is actively shaped by previous experience to influence 

perceptual response (Harlow, 1949; Harlow and Warren, 1952; Beach and Jaynes, 1954). In fact, 

modern research has shown sensory experience to be especially important for producing 

morphological and molecular changes to neural circuits in the brain leading to long-lasting 

changes in behavior (e.g, Chklovskii et al., 2004; Markham and Greenough, 2004; Holtmaat and 

Svoboda, 2009; Lövdén et al., 2013; Kolb and Gibb, 2014). Given that in most areas of the brain 

neurons are sparsely connected, synaptic plasticity as well as structural plasticity and experience-

dependent structural rearrangements provides a substantial boost in learning, circuit dynamics, 

memory storage capacity, problem-solving, cognitive reasoning and other behaviors, than would 

be possible if sensory information was simply relayed from peripheral to central regions (e.g, 

Kolb and Gibb, 2014).  

 The olfactory system has been a particularly robust model for studying experience-

dependent changes on behavior. Odor experience has been shown to play important roles in odor 

perception and behavior (Dalton and Wysocki 1996; Buonviso et al. 1998; Buonviso and Chaput 

2000; Fletcher and Wilson 2003; Mandairon et al., 2006e; Mandairon et al. 2008a) in addition to 

producing modifications to olfactory regions in the brain (Alvarez and Eichenbaum, 2002; 

Mandairon and Linster, 2009; Fletcher and Bendahmane, 2014). Yet, despite the vast data 

showing the effects of odor experience on odor learning, there is little data on the characteristics 

of OPL and the interaction between olfactory experience with other factors that strongly 



 
 

 
 

130 

influence odor processing such as neurogenesis, and neuromodulation to shape olfactory 

perception, learning and memory. Beginning with the primary observation that as we gain more 

experience, we become better at discriminating sensory information; a major goal of this thesis is 

to understand how much experience is necessary to produce durable changes in OB circuitry and 

behavior and if the behavioral improvements resulting from OPL generalize to other forms of 

learning. This thesis presents several novel findings regarding the characteristics of OPL, how 

experience with a task or stimulus leads to either specific or general improvements in behavior 

and the timing of when this improvement occurs, that furthers the current body of knowledge in 

the field as well as presenting directions for further research. Our findings indicate that, first, 

both short and long-time courses of enrichment produce stable improvements in olfactory 

discrimination ability that are correlated with increased survival of adult-born neurons in the OB. 

Second, OPL is not entirely specific to stimuli or task parameters but can generalize to other 

form of olfactory learning. 

 In the olfactory system, human and animal studies have shown that repeated exposure to 

an odorant improves discrimination of the odorant from perceptually similar odorants, and that 

these behavioral improvements were dependent on active neurogenesis (Fletcher and Wilson, 

2003; Li et al., 2006; Mandairon et al., 2006b; Moreno et al., 2009). However, these studies 

overlook the contribution that the time-course of PL could play in the behavioral improvements. 

Studies in other sensory systems have revealed that PL takes place in two time-courses: a short 

time course of early, rapid learning with transient behavioral improvements, and a long time 

course of slower steady learning with stable behavioral improvements lasting months after 

removal from the sensory environment (Poggio et al., 1992; Karni and Sagi, 1993; Atienza et al., 

2002; Wright and Sabin, 2007; Alain et al., 2007; Yotsumoto et al., 2008; Qu et al., 2010). 

Therefore, we sought to reconcile what behavioral and neuronal changes a short and long time-

courses of PL in the olfactory system might produce. In Chapter 2, I utilized a cross-habituation 

behavior paradigm and immunohistochemical labeling of adult-born neurons in the OB to 

explore how a short (5 days) and a long (10 days) time-course of olfactory enrichment affect the 
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discrimination and memory of perceptually similar odors, the retention of the behavioral 

improvements, as well as the modulation of adult-born GC survival. Even though olfactory 

experience has been shown to shape olfactory perception and memory, how OPL changes the 

olfactory bulb networks is still relatively unclear. In line with previous studies, we demonstrate 

that long-term olfactory enrichment of 10 days, as well as short-term enrichment of 5 days 

enhances spontaneous discrimination of perceptually similar odors, +/- limonene, for up to 20 

days, while improvements in odor memory only lasted for the period immediately following 

removal from the enriched environment. Furthermore, these behavioral modifications were 

accompanied by increased number of BrdU-positive cells as compared to control when analyzed 

immediately following the enrichment period, 5 and 10 days after cessation of enrichment, but 

not at 20 days after enrichment. Preliminary data I collected (data unpublished) showed that 5 

days of olfactory enrichment was the minimum number of days needed to see improvements in 

discrimination behavior. The results of this experiment further support that even relatively short 

periods of enrichment can improve olfactory behavior and increase survival of adult-born 

neurons. They also suggest that there is a minimum duration of sensory enrichment necessary to 

induce behavioral improvements and once that point has been reached the olfactory 

improvements are stable and long lasting. While the manifestation of improvement in odor 

discrimination and memory might be governed by increased cell survival, the maintenance of 

these behavioral improvements may be regulated by different mechanisms, since they have 

different time courses: that BrdU numbers returned to control levels at 20days following removal 

from the enriched environment while discrimination improvement was maintained at this time 

point and memory improvement had already returned to control levels by the 5 day retention 

point.  

 A second important question surrounding the role of PL in olfactory behavior is whether 

the learning is specific to certain conditions, contexts, tasks, and stimuli, or if it can generalize to 

inexperienced conditions. A number of recent studies in the visual, auditory and somatosensory 

systems have challenged early models of PL to show that the learning can transfer and that 
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specificity is not a necessary aspect of perceptual learning (Harris et al., 2001; Xiao et al., 2008; 

Jeter et al. 2009; Jeter et al., 2010; JY Zhang et al., 2010; T Zhang et al., 2010; McGovern et al., 

2012; Wang R et al. 2012, 2014; Wang X 2013; Harrar et al. 2014). There are studies showing 

that olfactory learning in various contexts (i.e. fear conditioning, reward-associations, olfactory 

enrichment) modulates odor representation, through increased generalization of odors similar to 

the conditioned odor (Pavesi et al. 2012), improved discrimination of perceptually similar odors 

(Mandairon et al. 2006b), and increased time span of olfactory short-term memory (Rochefort et 

al. 2002). However, studies demonstrating transfer of learning between olfactory tasks have been 

more elusive. In Chapter 3, I utilized olfactory enrichment and a 2 alternative forced-choice 

(2AFC) task to investigate differences in the rate of learning of an odor-reward association 

between enriched and non-enriched (control) animals. In contrast to the notion that PL is specific 

to only the conditions, tasks, stimuli or contexts learned during training, first, our results 

demonstrate that daily olfactory enrichment for 10 days significantly reduced the time needed for 

enriched animals to acquire the 2AFC task. We demonstrated that 10 days of olfactory 

enrichment significantly improved enriched animals acquisition of the 2AFC task, with enriched 

animals taking approximately 25% fewer trials to learn the 2AFC task as compared to non-

enriched animals. Second, we show that for the enriched odors as well as odors that overlap in 

their glomerular activation with the enriched odors, enriched animals had improved performance 

for the final trials of those two odorsets, indicating an improvement in the reward-odor 

acquisition for those odors. We found that enriched animals had improved performance on the 

final trials for the +/- Limonene and Pentanol/Butanol odorset, odorsets that have previously 

been shown to have overlapping patterns of glomerular activation (Mandairon et al., 2006a). 

These results support models in which learning generalizes for tasks sharing access to the same 

processing substrates or resources (Ahissar and Hochstein, 1997), as well as an alternative model 

in which PL strengthens the connections between the early neural representations and the higher 

cortical areas that guide behavior such that PL reflects improvements in the ability of higher-

level areas to “read out” task-relevant sensory information by enhancing connections from the 
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most informative neurons for a given task with experience (Law and Gold, 2008; Lu and Dosher, 

2009; Barkai, 2014). Along with previous models of the underlying mechanisms for PL, these 

data support a rule based model for transfer of PL in olfaction, in which PL enhances task-

relevant olfactory information from early neural representations by higher cortical areas, and 

when those rules are applicable to new stimuli, tasks, or contexts then transfer of learning occurs. 

 Additionally, although not explicitly tested in this study, it is possible that neurogenesis 

played a large role in the performance differences between the enriched and non-enriched 

animals. A number of studies have questioned the role of neurogenesis in reward learning, with 

interesting and often conflicting results. For instance, studies employing associative learning 

tasks have shown increases in the survival of adult-born neurons in the OB with learning 

(Rochefort et al, 2002; Alonso et al., 2006; Belnoue et al., 2011; Mandairon et al., 2006a; Mouret 

et al., 2008; Moreno et al., 2009, Sultan et al., 2010). However, studies modulating the levels of 

neurogenesis had mixed consequences for animals’ ability to learn an associative learning task: 

in some cases having no effect (Breton-Provencher et al., 2009; Imayoshi et al., 2008), while in 

others performance was clearly altered (Lazarini et al., 2009; Sultan et al., 2010). One study 

suggests that these discrepancies are due to the nature of the tasks themselves. Mandairon and 

colleagues found that adult-born neurons play an important role exclusively in operant 

conditioning tasks, since only these types of task were found to have an impact on the level of 

neurogenesis (2011). In addition, other studies have shown that pharmacological or genetic 

suppression of adult neurogenesis prior to acquisition of the task does not affect animals’ 

performances (Arruda-Carvalho et al., 2014; Breton-Provencher et al., 2009; Imayoshi et al., 

2008; Sultan et al., 2010), suggesting that adult-born neurons are not involved in the acquisition 

of odor-associated memories. However, recent observations in which authors used the “tag-and-

ablate” strategy to specifically target and remove mature newborn neurons just after the training 

phase show that adult-born neurons are involved in the expression of odor-reward memories 

(Arruda-Carvalho et al., 2014). Furthermore, they show that the role of adult-born neurons on 

odor-reward memories is transient. Ablation of adult-born cells 28 days after training did not 
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produce a memory deficit, suggesting that with time, recall of odor-reward memory becomes 

independent from adult neurogenesis in the OB (Arruda-Carvalho et al., 2014). Thus, these data 

implicate a role for neurogenesis in the specificity of OPL that would likely be revealed with 

further detailed analysis.  

 

FUTURE DIRECTIONS 

 One major goal of this project was to understand how the time course over which 

perceptual learning takes place affects OB circuitry and olfactory behavior, as well as if the 

behavioral improvements resulting from OPL generalize to other forms of learning.  

Although we were able to determine that both short and long-time courses of enrichment produce 

stable improvements in olfactory discrimination ability that are correlated with increased 

survival of adult-born neurons in the OB and that OPL is not entirely specific to stimuli or task 

parameters but can generalize to other form of olfactory learning, there were still some results 

that were difficult to make any strong conclusions from the data. Results of the effect of time-

course on memory performance were inconclusive. Performance of control animals was 

inconsistent and likely a result of low investigation times or variance in animal’s behavior for 

this group. As performance was the mean result of responses of 4 animals in each group, 

increasing the number of animals in the group would improve statistical power to control for the 

effects of variance in animal performance. Furthermore, memory performance to the habituation 

odor after a 30 min delay yielded conflicting results. At the pre-enrichment time point, enriched 

and non-enriched animals differed in their memory performance to the 30 min delay 

presentation. In order to accurately compare memory ability of these two groups the performance 

at the pre-enrichment point, before any behavioral manipulations have occurred, should be the 

same. Yet, at subsequent testing stages control animals showed inconsistencies in memory 

performance. Therefor, as the 30 min delay for testing memory performance provided conflicting 

results, it would be beneficial to perform a small study to establish a time point following the last 

habituation trial that would serve as the limit of odor memory duration for both enriched and 
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non-enriched animals.  

 The results of this thesis raise several questions for future analysis. In addition to 

unresolved questions surrounding the role of neurogenesis may play in other characteristics of 

OPL, such as specificity, these results also overlook the role that neuromodulators might play in 

the behavioral improvements seen with OPL. A considerable amount of behavioral and 

neurophysiological data has shown that learning is formed as a result of modulation in released 

neurotransmitters, leading to changes in sensory plasticity (Karni, 1996; Kilgard and Merzenich, 

1998; Usher et al., 1999; Schultz, 2000; Bao et al., 2001; Watanabe et al., 2002). For instance, 

pairing a tone with stimulation of the nucleus basilis of the basal forebrain releases acetylcholine 

and results in an increased representation of the paired tone in primary auditory cortex, A1 

(Kilgard and Merzenich, 1998). Similarly, dopamine release from stimulation of the ventral 

tegmental area (VTA) paired with a tone, results in increased representations of the paired tone 

in A1 (Bao et al., 2001). Additionally, Moreno and collegueas have shown that increases in 

noradrenaline activity increased discrimination of perceptually similar odors while injection of 

antagonists impaired OPL (2012). Yet there is still insufficient evidence to suggest that a 

particular neuromodulator is responsible for OPL. A number of studies have suggested that 

olfactory perceptual learning acts through acetylcholine mechanisms. For example, a study by 

Fletcher and Wilson (2002) showed that aversive conditioning enhanced the discrimination of 

perceptual similar odors and injection of scopolamine (an mAChR blocker) before the condition 

blocked the effect on discrimination ability. Additionally, Mandairon et al. (2006) showed that 

blockade of nicotinic AChRs abolished spontaneous odor discrimination in a non-associative 

cross-habituation task; blockade of muscarinic receptors reduced discrimination but blockade of 

nAChRs or mAChRs had no effect on rewarded odor discrimination tasks. Furthermore, in a 

2011 study, Mandairon et al. showed that both 10 days of enrichment and 10 days of injection of 

the acetylcholinesterase inhibitor, physostigmine, enhanced odor discrimination. Yet, the 

combination of the two treatments yielded no greater improvement than either treatment alone. 

Together these results suggest that enrichment acts through acetylcholine mechanism and 
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disruption of the acetylcholine system in the OB during enrichment would likely hinder 

improvements in odor discrimination and learning. However, it is much more likely that multiple 

neuromodulatory systems known to be involved in learning interact in a complicated manner to 

produce OPL. Therefore, investigating the role of other neuromodulatory systems would be 

important to dissociate the different contributions of these distinct attentional/learning systems to 

plasticity in OPL.  
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