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ABSTRACT OF THE DISSERTATION 

  

Imaging Experience-Driven Plasticity in Mitral Cell Odor Representations  

 

by 

 

Monica Wei Chu 

Doctor of Philosophy in Biology 

University of California, San Diego, 2016 

 

Professor Takaki Komiyama, Chair 

 

Recent studies suggest an intriguing role for the olfactory bulb as more than just a 

relay station from the nose to the brain. Rather, it is a place where the early processing of 

odor information can be modulated by experience, behavioral state and odor context, which 

in turn, affect olfactory perception. However, a comprehensive understanding of the 

plasticity which occurs within early stages of olfactory processing, such as in the olfactory 

bulb, is still lacking. The aim of my research is to better understand the role of experience 

in shaping the dynamics of odor representations by mitral cell ensembles in the awake 



 

 xii 

olfactory bulb. Previously, the constraints of the conventional electrophysiological 

techniques made it difficult to reliably follow the activity of a neuronal population with 

single-cell resolution over more than a single day. However, using longitudinal two-photon 

calcium imaging of mitral cell activity, we are well poised to approach this question by 

studying mitral cell activity over the course of weeks to months. 

In the research presented in my dissertation, we ask the following questions using 

two-photon calcium imaging: In the first chapter, we ask how plastic mitral cell odor 

representations are during passive odor experience, and further investigate how the 

behavioral state of the mouse affects this plasticity.  In the second chapter, we ask what 

kind of changes occur in mitral cell odor representations during different types of 

learning. Results from these experiments aim to improve our understanding of how 

experiences shapes this early stage of olfactory processing and its relevance to the 

behavioral output in awake animals. 
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Chapter 1: Introduction 

 

Olfaction is considered the most evolutionarily ancient of the sensory modalities. 

In mammals and especially rodents, the sense of smell is integral to survival and used for 

various behaviors such as finding potential mates, recognizing kin, and detecting 

palatable foods. In these examples of olfactory behaviors, an animal must first detect 

important chemical stimuli from the environment and extract meaning attached to the 

stimuli in order to generate an appropriate and effective response. Given that the 

chemical environment is always changing, an organism’s olfactory system must be 

continually updated, integrating information from previous experiences in order to adapt 

to the current olfactory environment. Although recent studies in rodents are beginning to 

provide insight into the way experience modulates plasticity in the olfactory system, a 

comprehensive understanding of the plasticity which occurs within early stages of 

olfactory processing, such as in the olfactory bulb, is still lacking. Therefore the aim of 

my dissertation work has been to better understand the effects of different types of 

experience on odor representations in the rodent olfactory bulb. 

 

Olfactory bulb circuitry 

 Olfactory transduction begins when an odorant binds odorant receptors on 

olfactory sensory neurons (OSNs), whose cell bodies lie in the nasal epithelium.  Each  

OSN expresses only one of ~1000 odorant receptors (Buck and Axel, 1991), and all 

OSNs expressing a given receptor converge their axons onto one or two spherical
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neuropil structures called glomeruli, which form the outermost layer of the olfactory bulb 

(Mombaerts et al., 1996; Ressler et al., 1994; Vassar et al., 1994). Here, OSN axons 

provide excitatory input onto the apical dendrites of mitral and tufted cells (M/T cells), 

the principal neurons of the bulb, each of which receives input from a single glomerulus 

(Buonviso et al., 1991) and in turn sends axons directly to the higher brain areas which 

include the piriform cortex, anterior olfactory nucleus, amygdala, lateral entorhinal cortex 

and olfactory tubercle.  

 

Transformations of odor information by local inhibitory interneurons 

 It should be noted that olfactory information is not just passively relayed through 

M/T cells to higher brain areas. Rather, odor information passing through the olfactory 

bulb undergoes extensive processing by local inhibitory interneurons at multiple levels 

throughout the olfactory bulb circuitry. In the outermost glomerular layer, inter and intra-

glomerular interactions are mediated by juxtaglomerular (JG) neurons, which are 

comprised of three distinct classes of neurons called periglomerular (PG) neurons, 

superficial short axon (sSA) cells, and external tufted (ET) cells (Aungst et al., 2003; 

Kosaka and Kosaka, 2007; Pinching and Powell, 1971). PG neurons are the largest class 

of JG neurons and can inhibit OSN axons presynaptically (Aroniadou-anderjaska et al., 

2000; Ennis et al., 2001; Nickell and Behbehani, 1994; Wachowiak et al., 2005) or 

modulate M/T cell activity through dendrodendritic synapses (Murphy et al., 2005; 

Panzanelli et al., 2007). In contrast, sSA cells have dendrites that innervate multiple 

glomeruli, synapsing with other JG interneurons to sculpt activity between different 

glomeruli (Pinching and Powell, 1971), while ET cells mainly serve to mediate inputs 
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from OSN to other JG interneurons (Shao et al., 2009). In summary, odor input is shaped 

by inhibitory interneurons even at the level of the first synapse from OSNs to M/T cells. 

The next level of transformation occurs beyond the glomerular layer, within a 

dense layer of neuropil called the external plexiform layer. Here, M/T cells extend lateral 

dendrites reaching lengths of up to 1 mm long (Mori et al., 1983), which form synapses 

with the dendrites of GABAergic inhibitory interneurons. The most abundant type of 

such inhibitory interneurons are granule cells, which outnumber mitral cells at a ratio of 

~1:100 and whose cell bodies comprise the majority of the olfactory bulb core below the 

mitral cell layer. More sparsely distributed throughout the external plexiform layer are 

other interneuron types, which include parvalbumin-expressing (PV) neurons. Although 

granule cells and parvalbumin-expressing interneurons both form dendrodendritic 

connections with M/T cell lateral dendrites (Isaacson and Strowbridge, 1998; Schoppa et 

al., 1998; Toida et al., 2000), they each play distinct roles in shaping M/T cell activity; 

PV interneurons, being more broadly tuned compared to granule cells, serve as a 

mechanism of linear gain control of mitral cell output (Hamilton et al., 2005; Kato et al., 

2013; Miyamichi et al., 2013). In contrast, granule cells are more narrowly tuned, and can 

modulate M/T cell activity in a much finer and odor-specific manner to alter the temporal 

dynamics of M/T cell spiking or tuning of M/T cell odor responses (Arevian et al., 2008; 

Yokoi et al., 1995). Thus, odor information in the olfactory bulb is massively transformed 

by a diverse subtypes of inhibitory interneurons within the olfactory bulb before reaching 

higher cortical areas. 
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Common principles underlying early olfactory circuitry 

One notable feature across olfactory systems is that organizing principles of early 

olfactory circuits are strikingly conserved across species. For example, in the Drosophila 

antennal lobe, or the insect equivalent of the olfactory bulb, OSNs expressing a single 

receptor all converge onto one out of roughly 50 glomeruli, where they form excitatory 

synapses with projection neurons, like in rodents. These projection neurons, like mitral 

cells, receive excitatory input from only a single glomerulus, and send axons to higher 

brain areas, while large local populations of inhibitory interneurons within the antennal 

lobe modulate odor information locally (Wilson and Mainen, 2006). Due to the different 

molecular mechanisms used across different phyla during development to achieve a 

similar structural organization (Imai et al., 2016), it is more likely that these shared 

organizational motifs occurred through convergence, rather than through the retention of 

an anatomy that was acquired early on; this suggests that these common organizing 

principles in initial odor processing emerged from selective pressures as an optimized 

strategy for extracting meaningful odor information from the environment. How then is 

odor information encoded at these early levels of olfactory processing in the brain?   

 

Odor maps in the glomerular layer 

Complex odors in the environment, such as coffee or chocolate, can consist of 

hundreds of distinct chemical compounds, each of which has varying affinities for certain 

olfactory receptors. Given this, distinct odors will activate distinct combinations of OSN 

subtypes, leading to the activation of their corresponding glomeruli. These unique 

glomerular activation patterns form discrete “odor maps”, where the multi-dimensional 
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physicochemical properties of odor molecules are reduced into a two-dimensional spatio-

temporal activation pattern upon the surface of the olfactory bulb (Belluscio and Katz, 

2001; Meister and Bonhoeffer, 2001; Rubin et al., 1999; Wachowiak et al., 2001). 

Additionally, there exists a stereotypy across species in the positioning of glomeruli in 

the olfactory bulb, where the same odors can elicit somewhat similar glomerular 

activation patterns across species (Johnson et al., 2009; Soucy et al., 2009). 

However, olfaction is challenging to understand in that it is unlike other sensory 

systems such as audition or somatosensation, where stimuli in the environment are 

spatially continuous and there exists a clear topographic mapping of these continuous 

stimulus features in the initial stages of sensory coding. The logic behind how features of 

olfactory stimuli should be extracted is not straightforward; a single olfactory stimulus 

can be described by a multitude of physicochemical features (eg. size, functional groups, 

flexibility, polarity, hydrophobicity, volatility, stereochemistry), and some of these 

features can be discrete and non-continuous. However, what we do know about the 

glomerular code is that, on a coarse scale, there exists a very rough chemotopy, where 

related odorants tend to elicit responses in the same general region of the olfactory bulb 

(Auffarth et al., 2011; Friedrich and Korsching, 1997). On a finer scale, though, 

monomolecular odorants elicit scattered glomerular responses, and a glomerulus that is 

excited by one particular class of odors can be next to glomeruli that are activated by 

chemically unrelated odors. Thus chemically related odorants do not seem to be mapped 

continuously onto adjacent glomeruli and no fine-scale chemotopy exists (Soucy et al., 

2009). 
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Instead, studies have shown that odor representations at the glomerular level are 

formed by a combinatorial odor code of activated glomeruli, which can contain 

information regarding the identity and concentration of the odor (Fletcher eet al., 2009; 

Johnson and Leon, 2000; Spors et al., 2006; Wachowiak et al., 2001). Glomerular odor 

codes have even been shown to contain information about the value of the odor 

(Abraham et al., 2014; Carey et al., 2009; Spors et al., 2006).  

 

Odor coding in M/T cells: a temporal code 

Up until recently, our knowledge of M/T cell odor coding in the bulb was 

gathered from studies performed in anesthetized rodents (Bathellier et al., 2008; Fantana 

et al., 2008; Khan et al., 2008; Tan et al., 2010). Current experiments in awake rodents 

reveal that M/T cell odor coding is drastically different from what was previously studied 

in anesthetized mice. Notably, odor stimuli can evoke M/T cell changes in overall spike 

rate (Davison and Katz, 2007; Rinberg et al., 2006), which are sparser in the awake state 

compared to anesthetized state. Additionally, odors have been shown to induce changes 

in the temporal firing patterns of a majority of M/T cells, which can occur in the absence 

of changes in spike rate (Blauvelt et al., 2013; Davison and Katz, 2007; Gschwend et al., 

2012; Rinberg et al., 2006; Shusterman et al., 2011). These rate-invariant changes in 

spike timing can be tightly coupled to the sniff-cycle, and can also encode information 

about odor identity or odor reward, although it remains controversial specifically which 

features of odor stimuli (identity, value) are encoded in changes in spike rate or spike-

timing (Cury and Uchida, 2010; Doucette and Restrepo, 2008; Doucette et al., 2011; 

Fuentes et al., 2008). 
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Furthermore, spike timing relative to the sniff cycle differs between mitral and 

tufted cells, with tufted cells firing earlier in the sniff phase compared to mitral cells 

(Fukunaga et al., 2012). This difference in latency between the two cell types is not 

entirely surprising, as tufted cells and mitral cells have different dendritic morphologies 

with cell bodies which reside in different layers, and differ in the way their projections 

are distributed within the piriform cortex (Haberly and Price, 1977; Nagayama, 2010). 

Tufted cells also have been shown to be more broadly tuned compared to mitral cells 

(Burton and Urban, 2014), and can be modulated by neuromodulatory feedback and 

piriform cortical feedback in differential manner from mitral cells (Kapoor et al., 2016; 

Otazu et al., 2015). Currently, precisely what odor information are encoded in these 

seemingly distinct channels in awake animals remains unclear.  

 

Odor coding in the piriform cortex: a rate code 

After leaving the olfactory bulb, M/T cells axons mainly target the piriform cortex 

(PCx). Here in the PCx, odors elicit relatively sparse (~3-30% neurons) and distributed 

responses (Miura et al., 2012; Stettler and Axel, 2009). Spike timing seems to contribute 

little to the encoding of odor information, while spike rate predominantly contains 

reliable information about the identity of odor stimuli (Miura et al., 2012; Poo and 

Isaacson, 2009; Rennaker et al., 2007; Stettler and Axel, 2009). Thus once odor 

information enters the PCx, odor information is transformed into a rate code by 

ensembles of pyramidal neurons, in contrast to the temporal code used by M/T cells. 

Additionally, there seems to be no spatial topography mapping mitral cells projections to 

PCx  (Ghosh et al., 2011; Miyamichi et al., 2011; Sosulski et al., 2011), as mitral cells 



8 

 

from multiple distributed glomerular units can provide input onto a single pyramidal cell. 

Thus odor stimuli are encoded by a sparse rate-based combinatorial code in the PCx. This 

is speculated to be advantageous in that it affords the capacity for encoding a large 

number of distinct odor stimuli.   

 

Centrifugal input to the olfactory bulb  

The PCx, in turn, is one of the major sources of centrifugal input to the olfactory 

bulb. This feedback provides excitatory input directly onto subsets of inhibitory 

interneurons to indirectly modulate mitral cell activity (Boyd et al., 2012; Markopoulos et 

al., 2012).  The odor responses of PCx boutons in the olfactory bulb are sparse and 

somewhat narrowly tuned. Although neighboring pyramidal cells project their axons to 

neighboring areas within the olfactory bulb (Padmanabhan et al., 2016), these projections 

do not seem to be functionally organized, as nearby axons are found to be tuned to 

different odors, and have no relation with the tuning preferences of nearby glomeruli 

(Boyd et al., 2015; Otazu et al., 2015). The emerging picture is that cortical feedback 

serves to modulate olfactory bulb activity primarily through diverse interactions with 

interneurons to regulate the global suppression of tufted cells or sharpen mitral cell 

tuning (Otazu et al., 2015). 

The olfactory bulb also receives massive feedback from the anterior olfactory 

nucleus (AON). The AON receives input from mitral cells in a somewhat topographic 

manner (Ghosh et al., 2011; Miyamichi et al., 2011), and feedback projections from AON 

have been shown to be topographically mapped onto the bulb (Kay et al., 2011). 

Furthermore, activity in feedback projections are diverse, exhibiting odor-specific 
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responses that can be excitatory or suppressive and locked to the sniff cycle 

(Markopoulos et al., 2012; Mazo et al., 2016). These properties suggest that the AON 

feedback can play a possible role in the selective modulation of mitral cell or tufted cell 

channels in an odor-specific manner.  

In addition to glutamatergic feedback from AON and piriform cortex, the 

olfactory bulb receives cholinergic, serotonergic, and noradrenergic fibers from the 

horizontal limb of the diagonal band of Broca, the raphe nucleus, and locus ceruleus, 

respectively. Neuromodulation in the olfactory bulb from these areas have been shown to 

be important for olfactory tasks such as discrimination and odor detection, and can 

modify detection thresholds, adjust signal-to-noise ratios in mitral cell responses, or 

enhance decorrelation of mitral cell odor responses (Chaudhury et al., 2009; Doucette and 

Restrepo, 2008; Escanilla et al., 2010; Kapoor et al., 2016; Linster et al., 2001; Ma and 

Luo, 2012). Taken together, the massive feedback from centrifugal inputs suggest that the 

olfactory bulb functions as a complex hub where incoming olfactory information is 

integrated with top-down glutamatergic and neuromodulatory inputs. However a detailed 

account of how feedback mechanisms shape olfactory representations in the awake 

olfactory bulb, and how this depends on the behavioral state (arousal, attentional) and 

prior experience of the animal, is largely unknown.  

 

Where and how does experience-induced plasticity occur?  

Behavioral experiments in rodents provide some insight into the relationship 

between olfactory experience and perception. Both passive experience and behavioral 

training in rodents can lead to changes in olfactory-dependent behavior. For example, 
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after passive odor exposure to similar odor stimuli, rats gain the ability to discriminate 

between the odor stimuli in an olfactory habituation/cross-habituation paradigm, which 

measures the capability for spontaneous discrimination of odorants  (Escanilla et al., 

2008; Kass et al., 2016; Veyrac et al., 2009). Odor-reward association learning can also 

yield similar results, enabling rodents to discriminate between initially indistinguishable 

odorant enantiomers with training (Chapuis and Wilson, 2012; Escanilla et al., 2008; 

Gschwend et al., 2015). However, the loci of plasticity within the layers of the olfactory 

system and the mechanisms responsible for these types of learning are still unclear.  

Regardless, there have been significant advances made in the attempt to tie 

neurophysiological changes in the olfactory system with experience-induced changes in 

perception. Initial experiments in anesthetized rodents point towards higher olfactory 

areas, such as the piriform cortex, as loci for experience-induced plasticity (Chapuis and 

Wilson, 2012; Kadohisa and Wilson, 2006). For example, anterior PCx ensemble odor 

responses undergo plasticity which is dependent on the demand of the behavioral task 

(Chapuis and Wilson, 2012), with an observed increase in decorrelation (pattern 

separation) or correlation (pattern completion) in tasks where rats were forced to 

discriminate or generalize across similar odors, respectively. In contrast, no significant 

changes were observed in mitral cell ensemble responses in the olfactory bulb, suggesting 

that the anterior PCx was the major source of learning-related plasticity.  

One major caveat of these experiments is that odor responses were recorded under 

anesthesia, and as mentioned previously, odor responses would be drastically different 

from the awake state. Recently, there is growing evidence showing olfactory bulb 

plasticity occurs with perceptual learning in awake mice.  For example, pharmacological 
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experiments suggest that plastic mechanisms within the olfactory bulb are essential for 

olfactory perceptual learning (Chaudhury et al., 2009; Mandairon et al., 2008a). 

Additionally, odor-specific perceptual changes have been shown to correlate with a 

reorganization of granule cell activity (Mandairon et al., 2008b; Moreno et al., 2009). A 

reorganization of inhibitory granule cell activity can presumably shape mitral cell odor 

representations to impact olfactory perception.  Indeed, one of the first 

electrophysiological studies to record from M/T cells during a behavioral task revealed 

that M/T activity can be modulated by task contingency and learning (Kay and Laurent, 

1999). Consistent with this initial finding, recent studies in awake behaving animals are 

beginning to shed some insight into the way olfactory experience and learning alters the 

dynamics of olfactory circuits (Abraham et al., 2014; Doucette and Restrepo, 2008; 

Doucette et al., 2011; Li et al., 2015; Shakhawat et al., 2014). However, a comprehensive 

understanding of how different types of experience affect odor representations in the 

early stages of processing is still lacking. 

The aim of my research is to better understand the role of experience in shaping 

the dynamics of odor representations by mitral cell ensembles in the awake olfactory 

bulb. Previously, the constraints of the conventional electrophysiological techniques 

made it difficult to reliably follow the activity of a neuronal population with single-cell 

resolution over more than a single day. However, using longitudinal two-photon calcium 

imaging of mitral cell activity, we are well poised to approach this question by studying 

mitral cell activity over the course of weeks to months. 

In the research presented in my dissertation, we ask the following questions using 

two-photon calcium imaging: In the first chapter, we ask how plastic mitral cell odor 
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representations are during passive odor experience, and further investigate how the 

behavioral state of the mouse affects this plasticity.  In the second chapter, we ask what 

kind of changes occur in mitral cell odor representations during different types of 

learning. Results from these experiments aim to improve our understanding of how 

experiences shapes this early stage of olfactory processing and its relevance to the 

behavioral output in awake animals. 
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Chapter 2: Dynamic Sensory Representations in the Olfactory Bulb: Modulation by 

Wakefulness and Experience 

 

 

  

 

 

 

2.1 Abstract 

How are sensory representations in the brain influenced by the state of an animal? 

Here we use chronic two-photon calcium imaging to explore how wakefulness and 

experience shape odor representations in the mouse olfactory bulb.  Comparing the 

awake and anesthetized state, we show that wakefulness greatly enhances the activity of 

inhibitory granule cells and makes principal mitral cell odor responses more sparse and 

temporally dynamic.  In awake mice, brief repeated odor experience leads to a gradual 

and long-lasting (months) weakening of mitral cell odor representations.  This mitral cell 

plasticity is odor-specific, recovers gradually over months and can be repeated with 

different odors.  Furthermore, the expression of this experience-dependent plasticity is 

prevented by anesthesia.  Together, our results demonstrate the dynamic nature of mitral 

cell odor representations in awake animals, which is constantly shaped by recent odor 

experience.
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2.2 Introduction 

Interpreting and acting upon incoming sensory information in contextually 

appropriate ways is crucial for the survival of an animal.  Revealing how sensory 

representations in the brain are affected by factors such as brain state and the animal’s 

history is an important step towards understanding how the brain processes sensory 

information.  Here we address this issue by exploring how the intial stages of olfactory 

information processing are modulated by wakefulness and experience. 

Odors are detected by odorant receptors on olfactory sensory neurons (OSNs), 

each of which expresses one of ~1000 odorant receptors (Buck and Axel, 1991).  The 

axons of OSNs expressing the same receptor converge onto 1-2 glomeruli in the olfactory 

bulb (Mombaerts et al., 1996), where different odors activate distinct sets of glomeruli 

(Belluscio and Katz, 2001; Bozza et al., 2004; Igarashi and Mori, 2005; Johnson et al., 

2005; Onoda, 1992; Rubin and Katz, 1999; Soucy et al., 2009; Stewart et al., 1979; 

Wachowiak and Cohen, 2001; Xu et al., 2000; Xu et al., 2003; Yang et al., 1998).  Within 

glomeruli, odor information is relayed to mitral cells, the major output neurons of the 

bulb.  Mitral cells send their apical dendrites to a single glomerulus and thus receive 

direct input from OSNs expressing a single odorant receptor type (Wilson and Mainen, 

2006).  The activity of mitral cells is thought to be modulated by local inhibitory 

interneurons (Arevian et al., 2008; Isaacson and Strowbridge, 1998; Schoppa et al., 1998; 

Schoppa and Urban, 2003; Urban and Arevian, 2009; Wilson and Mainen, 2006; Yokoi et 

al., 1995) (Figure 2.1A). 

Previous studies have examined mitral cell odor representations, mainly using 

acute recordings in anesthetized rodents.  These studies showed that odors activate 



21 

 

distinct ensembles of mitral cells (Bathellier et al., 2008; Davison and Katz, 2007; 

Dhawale et al., 2010; Fantana et al., 2008; Meredith, 1986; Mori et al., 1992; Tan et al., 

2010).  Less is known, however, about mitral cell activity in awake animals, which 

appears to be different from the anesthetized state (Adrian, 1950; Rinberg et al., 2006b) 

and can depend on the behavioral context  (Doucette et al., 2011; Doucette and Restrepo, 

2008; Kay and Laurent, 1999). 

In this study, we address several important questions regarding odor coding in the 

mammalian olfactory bulb.  First, how does odor coding by mitral cell ensembles depend 

on brain state?  Accumulating evidence suggests that odor coding in the olfactory bulb 

relies on temporally-dynamic population activity (Bathellier et al., 2008; Friedrich and 

Laurent, 2001; Stopfer et al., 1997).  Therefore it is important to understand how brain 

state regulates odor-evoked activity patterns of neural ensembles over time.  Second, how 

is the activity of inhibitory interneurons in the bulb modulated by brain state?  Granule 

cells are a major class of GABAergic interneurons in the olfactory bulb that mediate 

mitral cell recurrent and lateral inhibition (Isaacson and Strowbridge, 1998; Schoppa et 

al., 1998; Yokoi et al., 1995).  However, in vivo recordings of their activity have been 

limited to a few studies in anesthetized animals (Cang and Isaacson, 2003; Tan et al., 

2010).  Lastly, how does odor experience shape odor coding over long periods of time 

(days to months) in awake animals?  Previous studies have established that even passive 

odor exposure can modify mitral cell activity (Buonviso and Chaput, 2000; Buonviso et 

al., 1998; Chaudhury et al., 2010; Fletcher and Wilson, 2003; Spors and Grinvald, 2002; 

Wilson, 2000; Wilson and Linster, 2008).  However, these studies mainly focused on 
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acute recordings in anesthetized rodents and the long-term effects of experience on odor 

representations in awake animals are unclear. 

 These questions have been difficult to address, partly because of the challenge of 

recording from large ensembles of neurons of identified cell type over long time periods 

in awake animals.  Here we overcome this challenge by using chronic two-photon 

calcium imaging with the genetically-encoded calcium indicator GCaMP3.  By 

selectively imaging the activity of ensembles of mitral cells and inhibitory granule cells, 

we show the transition from the awake to anesthetized brain state modulates olfactory 

bulb circuits and odor coding.  Furthermore, we monitored the dynamics of odor 

responses of the same populations of mitral cells over months in awake mice to test how 

odor experience affects olfactory bulb odor representations.  These approaches revealed a 

surprisingly dynamic nature of odor representations, which is sensitive to brain state and 

experience.  

 

2.3 Results 

Chronic imaging of mitral cell activity with GCaMP3 

We expressed GCaMP3 (Tian et al., 2009) specifically in olfactory bulb principal 

cells (mitral and tufted cells) by injecting a Cre recombinase-dependent viral vector 

(Atasoy et al., 2008) into the olfactory bulbs of protocadherin-21 (PCdh21)-Cre mice, 

which express Cre exclusively in olfactory bulb principal cells (Nagai et al., 2005).  

Several weeks after injection, virtually all glomeruli had GCaMP3-expressing dendrites, 

and immunostaining with a mitral/tufted cell-specific antibody (Tbx21) (Yoshihara et al., 
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2005) showed that the majority of Tbx21-positive cells (67 % , n = 3 mice, 644 cells) 

express GCaMP3 (Figure 2.1B).  Consistent with the selective expression in mitral/tufted 

cells, all GCaMP3-expressing cells (n = 2 mice, 323 cells) lacked immunoreactivity for 

GAD67, a marker for GABAergic interneurons (data not shown).  We next performed 

simultaneous patch-clamp recording and two-photon imaging in olfactory bulb slices to 

test the ability of GCaMP3 to report action potential firing in mitral cells (GCaMP3-

expressing cells in the mitral cell layer).  We measured GCaMP3 fluorescence changes in 

mitral cells in response to spikes elicited at 50-100 Hz via brief depolarizing current steps 

(1 nA, 3 ms).  In agreement with previous findings in cortical pyramidal cells (Tian et al., 

2009), we found that increases in GCaMP3 fluorescence had a relatively linear 

relationship with the number of action potentials evoked in mitral cells  (Figure 2.1C and 

2.1D).   

To optically monitor mitral cell activity in vivo, we implanted a cranial window 

(Holtmaat et al., 2009) over the dorsal olfactory bulb of GCaMP3-expressing mice.  

Using two-photon imaging selectively in the mitral cell layer, this allowed us to 

repeatedly image the same sets of up to 100 mitral cells over months in awake, head-

fixed mice (Dombeck et al., 2007; Komiyama et al., 2010) (Figure 2.1E and 2.1F).  

Consistent with previous electrophysiological studies in anesthetized animals (Bathellier 

et al., 2008; Davison and Katz, 2007; Dhawale et al., 2010; Fantana et al., 2008; 

Meredith, 1986; Mori et al., 1992; Tan et al., 2010), passive application of structurally 

diverse odors elicited activity revealed by increases in GCaMP3 fluorescence in 

overlapping but distinct ensembles of mitral cells (Figure 2.1G). 
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Wakefulness sparsens mitral cell odor responses   

To study how odor representations in awake animals differ from those under 

anesthesia, we imaged responses of the same mitral cell populations to a set of seven 

structurally diverse odors before and after inducing anesthesia.  The transition from the 

awake to anesthetized brain state (monitored by the loss of fastwave EEG activity) 

greatly enhanced odor-evoked ensemble activity: odors elicited stronger mitral cell 

responses and increased the density of odor representations (Figure 2.2A and 2.2B).  

Under anesthesia, individual mitral cells respond to more odors (Figure 2.2C) and 

responses are stronger (Figure 2.2D).  This increase in mitral cell responsiveness during 

anesthesia is not due to an increase in sensory input to the bulb (Figure 2.S1).  The effects 

of anesthesia were indistinguishable with ketamine and urethane, two commonly used 

and chemically-distinct anesthetics (Figure 2.S2), suggesting that the differences in mitral 

cell activity reflect changes in brain state rather than local pharmacological effects of the 

drugs.  Mitral cell spontaneous firing rates are reportedly higher in the awake vs. 

anesthetized state (Adrian, 1950; Rinberg et al., 2006a).  To test whether changes in 

baseline activity between awake and anesthetized states could account for the differences 

in the normalized measure of mitral cell responses (dF/F), we next compared the odor-

induced fluorescence changes without normalization between the two states.  The 

enhancement of mitral cell responses with anesthesia was apparent even in this 

unnormalized measure (Figure 2.S2), indicating that anesthesia increases the absolute 

amplitudes of mitral cell odor responses.   

We next examined how differences in mitral cell ensemble responses in awake 

and anesthetized states affect odor coding by determining the efficiency of cell ensembles 
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to discriminate between the seven odors.  To quantify the efficiency of odor coding, we 

calculated the fraction of odor trials that are classified correctly using responses for the 

entire duration of odor stimulation when we randomly sampled different numbers of 

responsive mitral cell-odor pairs (see Experimental Procedures).  In the awake state, 

fewer mitral cell responses were needed to achieve high levels of correct classification 

compared to the anesthetized state (Figure 2.2E).  These results indicate that compared to 

the anesthetized brain state, the selective odor tuning of mitral cells and sparse odor 

respresentations during wakefulness are more efficient at odor coding.  

In addition to the effects of anesthesia on mitral cell odor tuning, there was a 

marked difference in the temporal dynamics of mitral cell responses between awake and 

anesthetized brain states.  When mice are awake, odor responses are temporally diverse, 

with the onset timing of different cell-odor pairs fairly evenly tiling the period of odor 

stimulation and a few seconds after odor offset (Figure 2.2F, left).  However, in the 

anesthetized state, mitral cell responses are less dynamic such that the majority of 

responsive cells exhibit onset times near the beginning of the odor stimulus (Figure 2.2F, 

right).  Analysis of the correlation coefficients of ensemble responses at different time 

points with the initial activity patterns (time-average of 0.75 – 1.25 sec after odor onset) 

confirmed that ensemble activity patterns became more decorrelated over time in the 

awake vs. anesthetized state (Figure 2.2G).  We performed principal component analysis 

to explore how the different temporal dynamics of odor responses in the awake and 

anesthetized state contributed to the ability of mitral cell ensembles to distinguish 

different odors over time.  Representations of odor-evoked activity as a function of time 

in principal component space revealed that ensemble activity patterns for different odors 
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were more separated in the awake state, and the separation in the awake state 

significantly improved over time (Figure 2.2H).  This temporal improvement of odor 

classification in the awake state was confirmed when we considered the fractions of 

correctly classified trials, using responses in increasing time windows.  Considering the 

numbers of responses that gave the same levels of correct classification in awake and 

anesthetized states during the first second of odor stimulus (awake: 15 responses; 

anesthetized: 25), we find that odor classification improved over the course of odor 

stimulation more strongly in the awake state (Figure 2.2I).  Thus, the improvement of 

classification efficiency in the awake state is partly due to the odor-specific temporal 

dynamics.  Taken together, these results indicate that odor representations in the awake 

state are more sparse, temporally dynamic and efficient, compared to anesthetized brain 

states. 

 

Wakefulness enhances granule cell activity 

Granule cells are a major class of GABAergic interneurons in the olfactory bulb 

that mediate mitral cell recurrent and lateral inhibition via dendrodendritic synapses 

(Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Yokoi et al., 1995).  Therefore we 

next considered the possibility that differences in mitral cell odor representations between 

awake and anesthetized states could reflect differences in granule cell activity.  We 

expressed GCaMP3 by injecting a non-conditional viral vector in the olfactory bulb 

granule cell layer of wildtype mice.  Several weeks after injection, dense sets of neurons 

in the granule cell layer were visible through a cranial window (Figure 2.3A).  While the 

vast majority of neurons in this layer are granule cells, our sample probably contains a 
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small fraction of short axon cells, a heterogenous class of interneurons in the granule cell 

layer (Eyre et al., 2008; Pressler and Strowbridge, 2006). 

In awake mice, a large fraction of granule cells showed spontaneous increases in 

GCaMP fluorescence that are sometimes temporally correlated to one another (Figure 

2.3B, top).  Similar to mitral cells, odors activated ensembles of granule cells in awake 

mice (Figure 2.3C and 2.3D).  The odor tuning in the awake state was similar between 

granule cells (Figure 2.3E) and mitral cells (Figure 2.2C).  Remarkably, after the 

induction of anesthesia, the spontaneous activity of granule cells virtually disappeared 

(Figure 2.3B, bottom).  Furthermore, in contrast to mitral cells, anesthesia strongly 

reduced odor responses of granule cells (Figure 2.3C and 2.3D).  This resulted in 

individual granule cells responding to fewer odors with weaker responses under 

anesthesia (Figure 2.3E and 2.3F).  Both ketamine and urethane caused similar decreases 

of odor-evoked activity in granule cells (Figure 2.S2).  In the awake state, many granule 

cells responded near the onset of odor stimulation (Figure 2.3G, left) and the temporal 

dynamics of granule cell responses did not appear to be strongly modulated by brain 

states (Figure 2.3G).  Thus, both spontaneous and odor-evoked activity of granule cells 

are much weaker in the anesthetized state, indicating that the activity of local inhibitory 

circuits in the olfactory bulb is strongly enhanced during wakefulness.   

 

Daily odor experience leads to a gradual, odor-specific reduction in mitral cell activity 

Having identified major differences in olfactory bulb circuits in the awake and 

anesthetized state, we next asked how odor experience shapes mitral cell odor 

representations in awake animals.  We imaged mitral cell responses to a panel of seven 
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structurally diverse odors applied on two successive days (8 trials of each odor / day, 4 

sec / trial for this and all subsequent experiments).  Because we used naive mice that had 

never been tested with odors, we considered all tested odors as ‘novel’.  On the first day 

of testing, each odor activated a large subset of the simultaneously imaged mitral cell 

population.  However, responses of the same mitral cell population to the same odors one 

day later were significantly different (Figure 2.4A).  Examining the response of each 

mitral cell to each odor, we found that while only 4 % of odor-cell pairs showed a 

significant increase in response magnitude, 27 % showed a significant decrease (n = 3 

mice, 151 mitral cells, p < 0.01, permutation test, 10,000 repetitions for this and all 

following analyses unless otherwise mentioned).  Consequently, the same odors activated 

significantly lower proportions of mitral cells on Day 2 compared to Day 1 (Day 1: 27.3 

± 3.2 % vs. Day 2: 21.1 ± 2.5 %, mean ± SEM; p < 0.01, paired permutation test, 10,000 

repetitions).  Thus, the population responses to each odor became weaker after only one 

day of brief odor experience, indicating that odor experience has a lasting effect on the 

way mitral cells represent olfactory information. 

 We next considered whether the weakening of odor representations induced by 

odor experience reflects a non-specific decrease in mitral cell responsiveness, or is 

specific to the experienced odors.  To address this, we assessed the difference between 

responses to two sets of odors (A and B, randomly chosen for each mouse), where set A 

odors were experienced daily for seven days while set B odors were only encountered on 

the first and last days (Figure 2.4B, n = 5 mice, 212 mitral cells).  Strikingly, mitral cell 

responses to set A odors progressively declined over days, while there was little change 

in the responses to set B odors on Day 7 (Figure 2.4C and Figure 2.S3).  To quantify the 
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changes in mitral cell responses, we calculated the Change Index (CI) for each responsive 

mitral cell-odor pair on each trial (trial X) of a given day as (response on trial X – the 

initial response on Day 1) / (response on trial X + the initial response on Day 1).  Thus, 

CI ranges from -1 to 1, where a value of -1 represents a complete loss of response, 1 

represents emergence of a new response, and 0 represents no change.  On the first day of 

testing (Day 1), the average CI values for both odor sets A and B steadily declined during 

repeated odor exposure (Figure 2.4D).  During days 2-6, the CI value for set A odors 

progressively decreased with little recovery from previous days and reached a steady-

state value following 4-5 days of daily experience.  When responses to both odor sets 

were tested on Day 7, the average CI value for the less-experienced odors (set B) was 

significantly greater than that of the experienced odor set (Figure 2.4D, p < 0.001).  

Mitral cell-odor pairs whose response onset times are during odor stimulation (‘on’ 

responses) and after odor stimulation (‘off’ responses) showed similar experience-

dependent plasticity on Day 7, with a trend for ‘on’ responses to be more strongly 

affected (CI for the experienced odor set are; ‘on’ response: -0.585 ± 0.016; ‘off’ 

response: -0.383 ± 0.019.  CI for the less-experienced odor set are; ‘on’ response: -0.272 

± 0.022; ‘off’ response: -0.158 ± 0.023).  Changes in raw dF/F values or fractions of 

responsive cells also support odor specificity of the plasticity (Figure 2.S4).  We did not 

detect significant changes in respiration rates throughout the course of the experiment 

(Respiration rates during all odor trials were, on Day 1: 3.39 ± 0.20 Hz vs. on Day 7: 3.44 

± 0.19 Hz, p = 0.900; on Day 7, Experienced odor trials: 3.36 ± 0.21 Hz vs. Less-

experienced odor trials: 3.47 ± 0.19 Hz, p = 0.757).  In addition, CI did not correlate with 

differences in the levels of GCaMP3 expression across cells (Figure 2.S4).  The slight 
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deviation from zero in CI for set B odors at the beginning of testing on Day 7 is not 

related to the number of set A odors each cell responds to (Figure 2.S4) and is similar to 

what was observed in a separate set of animals which only experienced odors on Day 1 

and Day 7 (Figure 2.S5).  This suggests that the small change in CI for set B odors on 

Day 7 is not due to non-specific effects of set A odors, but rather reflects the fact that 

experience with set B odors on Day 1 causes a weak but long-lasting reduction in 

responsiveness.  Together, these results indicate that the weakening of mitral cell odor 

representations occurs within each day, accumulates over days of experience, and is 

specific to experienced odors.  Following this experience-dependent plasticity, odor 

representations still resembled their original patterns, shown by the highly significant 

correlations between ensemble responses on Day 1 and Day 7 for both odor sets (Figure 

2.4E).  Furthermore, similar odor-specific modulation of mitral cell activity was observed 

when mice experienced odors in their home cage, or when mice were tested with odors 

with a lower concentration, indicating that the plasticity is independent of our imaging 

conditions (Figures 2.S5 and 2.S6).     

 The odor-specific reduction in the responses of mitral cell populations could 

reflect two different mechanisms.  First, the mitral cells that preferentially respond to 

experienced odors might become less responsive to all odors (gain decrease), in which 

case experience would not lead to a change in their odor tuning properties.  Alternatively, 

experience could selectively reduce the mitral cell responses to the experienced odor set, 

which would modify the odor tuning of individual cells.  To distinguish between these 

two possibilities, we examined the tuning properties of mitral cells that responded to both 

the experienced and less-experienced odor sets.  Remarkably, we observed that individual 
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mitral cells show experience-dependent changes in odor tuning.  After odor set A 

experience, many cells showed decreased responsiveness specifically to set A odors, 

while maintaining responsiveness to set B odors (Figure 2.4F).  This was apparent as a 

specific modulation of the odor tuning curves of individual cells (obtained from the seven 

tested odors in which odors from the two sets are rank ordered based on responses of 

individual cells).  Following experience, odors that generated the strongest responses 

were shifted towards those that were less-experienced (Figure 2.4G).  This specific shift 

in tuning was consistently observed when CI values were determined for the experienced 

and less-experienced odor sets for all individual cells (Figure 2.4H).  In terms of 

ensemble coding, odor classification by mitral cell ensembles was equally efficient before 

and after experience-dependent plasticity (Figure 2.4I). 

 What effect does experience have on granule cells?  To address this question, we 

imaged granule cell activity in a separate set of animals during the same seven-day odor 

experience protocol.  Similar to mitral cells, we found that responses of individual 

granule cells also decreased specifically to experienced odors (Figure 2.S7), even though 

the effect of experience was smaller in granule cells compared to mitral cells (the 

reduction in the fraction of responsive cells was 70.0 ± 4.3 % for mitral cells vs. 38.4 ± 

6.5 % for granule cells, p < 0.001).  The reduction in granule cell activity is not 

unexpected given the fact that mitral cells are the major source of excitation onto this 

class of interneurons and suggests that the experience dependent plasticity of mitral cell 

responses is unlikely to reflect a global increase in the activity of granule cells.  
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Odor experience-dependent plasticity is not due to changes in OSN input 

 We next asked whether experience-dependent changes in odor representations 

could be explained by plasticity at the level of sensory inputs to the bulb.  To test this 

idea, we performed chronic imaging of the activity of olfactory sensory neuron synapses 

in the glomerular layer using OMP-synapto-pHluorin mice (Bozza et al., 2004), in which 

all OSNs express synapto-pHluorin, a reporter of neurotransmitter release (Figure 2.5A).  

We imaged OSN transmission with the same one week protocol used for studying mitral 

cell plasticity (Figure 2.5B).  Each odor activated a unique ensemble of glomeruli (Figure 

2.5C), consistent with previous reports (Belluscio and Katz, 2001; Bozza et al., 2004; 

Igarashi and Mori, 2005; Johnson et al., 2005; Onoda, 1992; Rubin and Katz, 1999; 

Stewart et al., 1979; Wachowiak and Cohen, 2001; Xu et al., 2000; Xu et al., 2003; Yang 

et al., 1998).  In stark contrast to mitral cell activity, presynaptic input to the bulb 

remained stable over the course of the experiment for both experienced and less-

experienced odors (Figure 2.5C-E).  This is not due to saturation of the synapto-pHluorin 

signal, since higher odor concentrations triggered stronger responses (Figure 2.S1).  In 

addition, mitral cell glomerular GCaMP3 responses, which reflect a combination of local 

synaptic excitation of mitral cell dendrites by OSN input and backpropagating action 

potentials, show only a modest reduction during the same odor experience protocol 

(Figure 2.S8).  Thus, these results indicate that experience-dependent plasticity of mitral 

cell activity must be generated by changes downstream of sensory neuron input to the 

bulb. 
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Odor experience-dependent plasticity gradually recovers over months and is repeatable 

 Does the response plasticity of mitral cells to experienced odors happen only once 

in the lifetime of an animal and leave a permanent ‘imprint’ of odor experience, or is this 

a dynamic process that shapes odor representations throughout life?  To distinguish these 

possibilities, we examined the persistence of the effect of odor experience by testing odor 

responses at various time points after home cage rearing without additional odor 

applications (Figure 2.6A, ‘Recovery’).  Seven days of home cage rearing led to a partial 

recovery of mitral cell responses.  Further recovery was seen after three more weeks, and 

responses recovered completely after 2 months (Figure 2.6B and 2.6C).  Odor 

representations after full recovery resembled those on the initial day (Day A1, Figure 

2.6D).  Thus, the effect of odor experience on mitral cell responses persists for weeks but 

not months. 

After full recovery of the plasticity to odor set A, we repeated the one week odor 

experience protocol, this time using odor set B for the experienced odors (Figure 2.6A, 

‘Odor set B experience’, n = 3 mice, 132 mitral cells).  After one week of daily 

experience with odor set B, the responses of mitral cells were selectively reduced to set B 

odors while maintaining their responses to set A odors (Figure 2.6B and 2.6C).  

Furthermore, the magnitude and time course of the modulation of the population response 

were virtually identical for the two separate bouts of odor experience (Figure 2.6C).  We 

determined how mitral cell tuning was modulated over time in this experiment by 

measuring the relative odor preference of individual cells to the two odor sets ((odor set 

A response – odor set B response) / (odor set A response + odor set B response)). Mitral 

cell tuning consistently shifted towards a preference for the less-experienced odors 



34 

 

(Figure 6E).  This experience-dependent shift in odor preference is also apparent from 

averaging the tuning curves of all individual cells (Figure 2.6F); the initial experience 

(odor set A) caused less-experienced odors (set B) to become more preferred stimuli, and 

after recovery, experience of odor set B led to a shift in the opposite direction.  Since the 

total odor exposure was the same for both odor sets on the final day of testing (Day B7), 

we could determine the net effect of recent vs. remote experience on the population 

response.  Comparing the fraction of mitral cells activated by the two odor sets revealed 

that recently experienced odors are much more sparsely represented than those that were 

frequently experienced months before testing (Figure 2.6G). 

 

The expression of experience-dependent plasticity of mitral cell responses depends on 

wakefulness 

Our results indicate that brief odor experience weakens subsequent mitral cell 

responses in an odor-specific manner.  However, previous studies have reported stable 

mitral cell responses to brief odor experience while prolonged odor exposure (30 sec to 

minutes) leads to a decrease in responsiveness that is relatively odor non-specific 

(Chaudhury et al., 2010; Wilson, 2000; Wilson and Linster, 2008).  A key difference is 

that these previous studies recorded mitral cell activity under anesthesia, while our 

current study reports mitral cell activity in awake animals. 

 To test whether wakefulness governs the experience-dependent plasticity of mitral 

cell responses, we imaged mitral cell responses to brief, repeated odor exposure in naïve 

mice anesthetized with urethane (n = 5 mice, 171 mitral cells) or ketamine (n = 2 mice, 

150 mitral cells).  We found that odor-evoked mitral cell responses are stable under 
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anesthesia during repeated exposure to novel odors, in stark contrast to the results from 

awake mice that experienced the same novel odors for the same number of trials (Figure 

2.7A).  We next asked whether anesthesia modifies the expression of experience-

dependent plasticity once it has been induced in awake mice.  To address this question, 

we tested the effect of daily repeated odor experience in another set of awake mice (n = 4 

mice, 221 mitral cells), and additionally imaged responses of the same mitral cells to the 

same odors during ketamine anesthesia on Day 1 and Day 7 (Figure 2.7B).  As expected, 

anesthesia increased odor-evoked mitral cell responses on Day 1.  As in previous 

experiments (Figure 2.4), the CI value for experienced odors progressively decreased 

during days 2-6 and the odor-specific weakening of mitral cell responses was observed 

on Day 7.  Immediately after these awake trials on Day 7, mice were again anesthetized 

and the responses of the same mitral cell populations to the same two odor sets were 

imaged.  Remarkably, mitral cell responses under anesthesia on Day 7 were 

indistinguishable from those observed during anesthesia on Day 1; thus the expression of 

the plasticity induced during wakefulness was blocked when tested under anesthesia 

(Figure 2.7B).  These results indicate that the expression of the experience-dependent 

plasticity of mitral cell responses depends critically on wakefulness. 

 

2.4 Discussion 

Odor coding in awake and anesthetized brain states 

 Although previous studies reported that odor-evoked mitral cell activity is 

enhanced under anesthesia (Adrian, 1950; Rinberg et al., 2006b), how odor coding by 
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mitral cell ensembles differs in the awake and anesthetized state is unclear.  In this study 

we show that the transition from the awake to anesthetized brain state has a dramatic 

impact on how olfactory information is represented by ensembles of mitral cells.  By 

imaging large populations of mitral cells in individual mice, we find that odor-evoked 

ensemble activity is much sparser and more temporally dynamic in the awake state and 

that anesthesia increases the density of odor representations by broadening the odor 

tuning of mitral cells.  Importantly, we also show that the sparse and temporally dynamic 

ensemble activity during wakefullness is more efficient for odor population coding: 

compared to anesthetized brain states, fewer mitral cell responses in the awake state are 

required for accurate odor discrimination.  

  The temporal dynamics of mitral cell ensemble activity have been proposed to 

contribute to odor coding (Bathellier et al., 2008; Friedrich et al., 2004; Friedrich and 

Laurent, 2001; Laurent et al., 1996; Mazor and Laurent, 2005).  Indeed, here we 

demonstrate that odor classification in the awake state improves gradually as odor 

representations develop over time.  In contrast, the temporal dynamics of odor 

representations are reduced in the anesthetized brain state, which contributes to a 

reduction in the population coding efficiency.  We note that the temporal resolution of 

our imaging approach (~6.3 Hz) precludes the assessment of finer temporal features of 

mitral cell responses (Bathellier et al., 2008; Cury and Uchida, 2010; Shusterman et al., 

2011).  Nevertheless, our results reveal a strong temporal component to mitral cell odor 

representations in awake animals, which may be underestimated in recordings under 

anesthesia.  Variability in respiratory behavior in the awake state could contribute to the 

temporal dynamics of mitral cell responses (Carey and Wachowiak, 2011; Verhagen et 
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al., 2007).  However, as we discuss below, the opposite effects of anesthesia on mitral 

cells and granule cells make it unlikely that respiration variability can fully account for 

the changes and we suggest that actions of local inhibitory circuits likely play an 

important role. 

 

Enhanced activity of inhibitory granule cells during wakefulness 

 Anatomical and electrophysiological studies have suggested that granule cells are 

the major class of GABAergic interneurons in the olfactory bulb that shape mitral cell 

response properties through recurrent and lateral inhibition via dendrodendritic synapses 

(Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Shepherd et al., 2004; Yokoi et 

al., 1995).  However, the direct measurement of granule cell activity in vivo has been 

limited to few studies performed in anesthetized animals (Cang and Isaacson, 2003; Tan 

et al., 2010), hampering our understanding of the operation of olfactory bulb inhibitory 

interneurons in the awake state.  Attempts to estimate the effect of anesthesia on granule 

cell activity with extracellular recording of field potentials (Nicoll, 1972; Stewart and 

Scott, 1976; Tsuno et al., 2008) have reached inconsistent conclusions, reflecting the 

difficulty of interpreting these indirect measurements.   

 Here we report, to our knowledge, the first direct in vivo measurements of granule 

cell activity in awake animals.  Granule cells respond to odors rapidly, and their tuning 

properties are similar to those of mitral cells.  Strikingly, anesthesia caused a substantial 

attenuation of both spontaneous and odor-evoked granule cell activity, which is in stark 

contrast to the enhancement of odor-evoked activity of mitral cells in the anesthetized 

state.  The reduction of granule cell activity in the anesthetized state is consistent with 
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previous intracellular recordings under anesthesia, which reported a low probability of 

odor-evoked action potentials in granule cells (Cang and Isaacson, 2003), and indicates 

that granule cell recordings under anesthesia have underestimated their actions in the 

awake state.  We think it is unlikely that the anesthetics are directly changing the intrinsic 

excitability of granule cells, since the two chemically distinct anesthetics (ketamine and 

urethane) had the same effect on granule cell activity.  Rather, the effect of the 

anesthetics is likely to reflect modulation of brain state.  For example, granule cells are a 

major target of centrifugal input originating from the olfactory cortex (de Olmos et al., 

1978; Haberly and Price, 1978), which could be sensitive to the state of the animal 

(Murakami et al., 2005).  Taken together, our results suggest that wakefulness greatly 

enhances the impact of inhibitory circuits on olfactory bulb odor representations.  We 

envision that the sparsening and richer temporal dynamics of mitral cell odor 

representations we observed in the awake state may be a result of shaping by active 

inhibitory circuits.  It will be interesting to determine whether wakefulness also enhances 

the activity of interneurons in other brain regions.   

 

Dynamic Experience-Dependent Plasticity 

We showed that repeated brief odor experience leads to a modification of mitral 

cell activity that accumulates across days and persists for over a month.  Hence, 

experience-dependent plasticity in the olfactory bulb is not just a transient adaptation to 

continuous odor stimuli, but rather a process that integrates months of odor experience.  

Odor experience does not lead to global changes in the responsiveness in the olfactory 

bulb, but rather is highly odor specific, shifting the odor tuning of individual mitral cells 
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away from experienced odors.  This experience-specific tuning shift, in contrast to a 

general gain decrease, enables odor-specific plasticity in the olfactory bulb, where 

different odors are represented by overlapping ensembles of mitral cells.  Additionally, 

this experience-dependent modulation represents a dynamic process, since it recovers and 

is repeatable with different odors.   

An important feature of the experience-dependent plasticity described here is that 

the expression of the plasticity depends critically on wakefulness.  Although previous 

studies have characterized the effects of odor experience on shorter timescales in 

anesthetized rodents (Buonviso and Chaput, 2000; Buonviso et al., 1998; Chaudhury et 

al., 2010; Fletcher and Wilson, 2003; Spors and Grinvald, 2002; Wilson, 2000; Wilson 

and Linster, 2008), our results reveal that olfactory bulb odor representations in awake 

mice are much more dynamic than previously shown in anesthetized animals.  Previous 

literature suggests that prolonged odor stimulation (30 sec to minutes) is required for 

short-term habituation in anesthetized animals (Chaudhury et al., 2010; Wilson, 2000; 

Wilson and Linster, 2008).  In awake animals, even brief odor experience causes an odor-

specific effect on mitral cell responses that lasts for several weeks; mitral cells respond 

more strongly to novel stimuli, and their ‘library’ of familiar stimuli is constantly updated 

by recent experience.  Even though our experiments were performed in the laboratory 

with a limited odor environment, animals in the wild live in odor environments that 

routinely change due to, for example, seasonal changes.  Therefore we speculate that 

mitral cell tuning properties of animals in their natural settings are also shaped by recent 

odor experience.   
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Implications on Odor Coding: Novel vs Familiar 

We showed that mitral cell responses are more sparse and temporally dynamic in 

awake animals compared to anesthetized brain states.  As a result of the sparsening and 

increased temporal dynamics, each mitral cell response in the awake state carries more 

information about odor identity.  Experience further sparsens representations of familiar 

odors during wakefulness (Figure 2.8).  We propose that this sparsening reduces the 

redundancy of the odor code, decreasing the metabolic load for representing frequently 

encountered stimuli.  In contrast, novel or unfamiliar odors activate larger populations of 

mitral cells, which could serve as a ‘novelty detection’ mechanism to alert the animal of a 

change in the environment by representing unfamiliar stimuli with increased salience. 
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2.6 Figures  

Figure 2.1  Long-term imaging of mitral cell activity in awake mice 

(A) Olfactory bulb schematic.  OSN: olfactory sensory neurons, Glom: glomeruli.  Each 

color represents OSNs that express a unique odorant receptor.   (B) Top, fixed thin 

section of the dorsal olfactory bulb four weeks after injection of AAV-hSyn-FLEX-

GCaMP3 into the olfactory bulb of a PCdh21-Cre mouse.  Note the dense labeling in the 

mitral cell layer.  All glomeruli in the field of view contain apical dendrites of mitral cells 

expressing GCaMP3.  GCaMP3 fluorescence in the external plexiform layer (EPL) 

largely reflects dendrites of mitral cells with additional contributions from tufted cells 

which also express Cre.  GCaMP3 fluorescence in deeper bulb layers represents 

expression in mitral cell axons.  Bottom, Expression of GCaMP3 in the mitral cell layer 

co-localizes with immunolabeling of Tbx21, a mitral cell-specific marker.  (C) Top, two-

photon single plane image of the mitral cell layer in an olfactory bulb slice from a 

GCaMP3-expressing PCdh21-Cre mouse illustrating recording configuration and region 

of line scan (yellow).  Bottom, average fluorescence transients (3 trials) evoked by two, 

four, and six action potentials (APs) at 50 Hz (1 nA, 3 ms current steps) in the same cell.  

(D) Top, average GCaMP3 responses (2-5 trials) from a representative cell in response to 

a range of APs elicited at 100 Hz .  Bottom, summary of the increase in dF/F (n = 9 cells) 

for varying numbers of APs elicited at 100 Hz indicates that GCaMP3 is a relatively 

linear reporter of AP firing. Black line is average response and gray lines represent 

responses of individual cells.  (E) In vivo imaging configuration.  (F) Two-photon 

imaging of GCaMP3-expressing mitral cells in vivo.  Left; imaging ~50 µm under pial 

surface in the glomerular layer shows that all glomeruli (~60) in the field of view contain 

GCaMP3-expressing dendrites.  Middle; imaging ~200 µm deeper in the mitral cell layer 

(zoomed in from the yellow square on the left) reveals ~100 GCaMP3-expressing mitral 

cell somata.  Right; the same sets of mitral cells imaged 37 days later.  (G) Different 

odors activate overlapping but distinct ensembles of simultaneously imaged mitral cells. 

Gray: seven individual trials; black: average trace. 
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Figure 2.2  Mitral cell odor responses in the awake state are more sparse, temporally 

dynamic and efficient compared to the anesthesized brain state 

(A) Mitral cell odor-evoked activity maps (pseudocoloring represents odor-evoked 

GCaMP3 dF/F response averaged across seven trials) from a mouse recorded before and 

after the induction of anesthesia.  Mitral cell ensemble response is weaker in the awake 

state (middle) compared to the anesthestized state (right).  The left panel shows all 

imaged mitral cells in white.  The top traces show example EEG traces during both states.  

(B) Average (solid lines) and SEM (shading) of odor-evoked GCaMP3 responses from 

five mitral cells in (A) during awake and anesthesized states show an increase in odor-

evoked activity after the induction of anesthesia.  Images at the bottom show that each 

mitral cell was clearly identified under both conditions.  (C) Summary data shown in 

cumulative frequency plot of odor tuning (the number of odors eliciting responses out of 

the seven tested odors) for 340 mitral cells in the awake state compared to after induction 

of anesthesia (n = 6 mice, 3 urethane-anesthetized, 3 ketamine-anesthetized).  Anesthesia 

causes a rightward shift (i.e. broader tuning) in the anesthetized state.  (D) Cumulative 

frequency plot of the peak response amplitude for all mitral cell-odor pairs that were 

responsive in both the awake and anesthetized state (567 pairs).  Anesthesia causes a 

rightward shift (i.e. larger responses) in the anesthetized state.  (E) The fraction of trials 

with correct odor classification plotted against the number of responsive cell-odor pairs 

used for the classification.  In the awake state, fewer responsive cell-odor pairs are 

required for high levels of correct classification.  Dotted line represents the chance level 

of classification.  (F) Mitral cell responses are more temporally dynamic in the awake 

state.  Top: heat maps of the activity of all responsive mitral cell-odor pairs in awake and 

anesthetized states (awake: 824 cell-odor pairs; anesthetized: 1218), sorted by their onset 

times.  Bottom: histograms of the onset times of all responsive cell-odor pairs in the two 

states show that responses are temporally more diverse in the awake state, while 

responses under anesthesia are more time-locked to odor onset.  Dashed lines indicate the 

odor period.  (G) Average (solid) and SEM (shading) of correlation coefficients of 

ensemble activity patterns and the initial patterns (average of 0.75 – 1.25 sec after odor 

onset) as a function of time in all mouse-odor pairs (42 pairs: six mice, seven odors).  

Awake responses become more decorrelated from the initial patterns over time than 

responses under anesthesia.  (H) Principal component analysis (PCA) reveals that odors 

become more distinct over time in the awake state compared to anesthetized brain states.  

The ensemble activity patterns of mitral cells pooled across animals (n = 6 mice) from 49 

trials (seven trials / seven odors, four second odor application) each in the awake and 

anesthetized states are plotted in the space of the first three principle components defined 

by concatenating responses in both states (Experimental Procedures).  Plots show 

ensemble activity under baseline conditions (Pre-odor), early during odor application (0-1 

s), and during the last second of odor application (3-4 s).  Activity patterns elicited by 

different odors are more distinct in the awake state.  Points represent individual trials.  

Green: isoamyl acetate; red: ethyl butyrate; black: heptan-4-one; light blue: heptanal; 

yellow: butyric acid; purple: cyclohexanone; blue: ethyl tiglate.  (I) The ability of cell 

ensembles to correctly classify odors improves over time during odor presentation.  The 

temporal improvement is greater in the awake state.  Odor onset = 0 s.  See also Figures 

2.S1 and 2.S2.
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Figure 2.3  Granule cell activity is enhanced during wakefulness 

 

(A) Left: schematic of granule cell imaging.  Right: a field of granule cells imaged in 

vivo.  (B) Spontaneous activity of a population of granule cells (n = 43) imaged in the 

awake and anesthetized states over 60 seconds in each condition.  In the awake state, 

many granule cells show spontaneous increases in GCaMP fluorescence, which is 

virtually absent in the anesthetized state.  (C) Granule cell odor-evoked activity maps 

(pseudocoloring represents odor-evoked GCaMP3 dF/F response averaged across seven 

trials) from a mouse recorded in both the awake and anesthetized state.  Granule cell 

ensembles respond more strongly to the same odor in the awake state (middle) compared 

to under anesthesia (right).  The left panel shows all imaged granule cells in white.  Top 

traces are example EEG traces in both states.  (D) Average (solid lines) and SEM 

(shading) of odor-evoked GCaMP3 responses from five granule cells in (C) during awake 

and anesthesized states show a decrease in odor-evoked activity after the induction of 

anesthesia.  Images at the bottom show that each granule cell was clearly identified under 

both conditions.  (E) Summary data shown in cumulative frequency plot of odor tuning 

(the number of odors eliciting responses out of the seven tested odors) for 336 granule 

cells in the awake state compared to after induction of anesthesia (n = 6 mice, 3 urethane-

anesthetized, 3 ketamine-anesthetized).  Anesthesia causes a leftward shift (i.e. narrower 

tuning).  (F) Cumulative frequency plot of the peak response amplitude of all granule 

cell-odor pairs that were responsive in both the awake and anesthetized state (222 pairs) 

shows a leftward shift (i.e. smaller responses) in the anesthetized state.  (G) Temporal 

dynamics of granule cell odor responses.  Top: heat maps of the activity of all responsive 

granule cell-odor pairs in awake and anesthetized states (awake: 819 cell-odor pairs; 

anesthetized: 300), sorted by their onset times.  Bottom: histograms of the onset times of 

all responsive cell-odor pairs in the two states.  Dashed lines indicate the odor period.  

See also Figure 2.S2. 
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Figure 2.4.  Odor experience leads to a gradual and odor-specific reduction of mitral cell 

responses 

 

(A) Mitral cell odor-evoked activity maps (pseudocoloring represents odor-evoked 

GCaMP3 dF/F response averaged across seven trials) from a mouse imaged on two 

consecutive days. Mitral cell ensembles respond more weakly to the same series of novel 

odors on the second day of testing.  The top right panel shows all imaged mitral cells in 

white.  (B) Odor experience and chronic imaging protocol.  (C) Activity maps of mitral 

cell population responses from one mouse show that responses to experienced (odor set 

A) odors become weaker after seven days (Day 7), while responses to less-experienced 

(odor set B) odors remain relatively stable.  (D) Average (solid) and SEM (shading) of 

Change Index (CI, see text) for each trial across days. On Day 7, responses to 

experienced odors are significantly weaker than those to less-experienced odors.   ***p < 

0.001.  (E) Correlations of odor representations across days for each odor set, measured 

by Pearson’s correlation between population vectors which were constructed by 

concatenating responses of each odor-cell pair.  For both odor sets, the measurements 

(black dots) were higher than shuffled data (10,000 repetitions in which ROI labels were 

shuffled within each odor-animal pair) which are shown in box plots where whiskers 

represent most extreme values within 1.5 x I.Q.R.  These data indicate that ensemble 

response patterns are conserved after odor experience.  (F) Individual mitral cells show 

odor-specific plasticity, such that responses to experienced odors are generally reduced, 

while responses to less-experienced odors are largely unaffected.  Average (solid lines) 

and SEM (shading) of odor-evoked GCaMP3 responses from two mitral cells in the same 

mouse on the first day of testing (Day 1, black) and after seven days of experience with a 

subset of odors (Day 7, red).  (G) Tuning curves of the two cells in (F) (odors ranked for 

each cell according to the response strength on Day 1) indicate a shift in tuning towards 

less-experienced odors on Day 7.  (H) Summary of odor-specific response plasticity of 

individual mitral cells that responded to both odor sets A and B (n = 134).  Each black 

point represents an individual mitral cell, whose y and x positions show the average CI 

values for experienced and less-experienced odors, respectively. Red cross represents 

average of all cells. If the cells show the same amount of plasticity for experienced and 

less-experienced odors (i.e. a simple gain change), they would fall along the dashed unity 

line.  The distribution shows a clear separation away from the unity line (p < 0.001, 

bootstrap, 10,000 repetitions) with CI values < 0 for experienced odors and CI values ≈ 0 

for less-experienced odors, indicating that a specific tuning shift occurs in a large number 

of mitral cells.  Histograms indicate the distribution of CI values for the experienced 

(right) and less-experienced (top) odor groups for each cell.  (I) The fraction of trials 

classified correctly for four experienced odors (odor set A) on Day 1 and Day 7 plotted 

against the number of responsive cell-odor pairs used for the classification.  Odor coding 

efficiency by mitral cell ensembles is unchanged after seven days of odor experience.  n = 

5 mice.  Dotted line represents the chance level of classification.  See also Figures 2.S3-

2.S7. 
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Figure 2.5  Sensory neuron input to the olfactory bulb is unaltered by repeated odor 

experience 
 

Schematic illustrating expression of optical reporter of transmitter release in OSNs.  (B) 

Odor experience and chronic imaging protocol.  (C) Odor-evoked glomerular activity 

maps from an OMP-spH mouse reveal that OSN transmission is unaltered by odor 

experience.  (D) Average (solid lines) and SEM (shading) of odor-evoked synapto-

pHluorin responses from two glomeruli in the same mouse on the first day of testing 

(Day 1, black) and after seven days of experience with a subset of odors (Day 7, red).  (E) 

Summary data (n = 79 glomeruli from 4 mice) indicating that synapto-pHluorin 

responses remain stable (Change Index near 0) throughout the course of the experiment.  

See also Figures 2.S1 and 2.S8. 
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Figure 2.6  Dynamic modulation of sensory representations and mitral cell tuning by recent 

experience 
 

(A) Schematic of the months-long experimental protocol, where responses of the same 

mitral cell populations were imaged during odor set A experience, recovery, and 

subsequent odor set B experience.  (B) Mitral cell activity maps from a representative 

mouse over the course of the experiment.  Imaging time points correspond to days 

illustrated in (A). Recovery, 2 months.  Recently-experienced odors (set A on Day A7 

and set B on Day B7) are more weakly represented than novel odors (sets A and B on 

Day 1) or odors with distant experience (set B on Day A7 and set A on Day B7).  (C) 

Summary of Change Index (CI) values, defined for responses on each day, over the time 

course of the experiment (n = 132 mitral cells from 3 mice).  (D) After recovery, odor 

representations are similar to those measured on Day A1.  See legend for Figure 2.4E.  (E 

and F) Tuning of individual mitral cells is dynamically modulated by recent experience.  

(E) Odor preference for individual cells (n = 43, black points) for set A or set B odors 

shifts with experience.  Only cells that responded to at least one odor from each odor set 

on Day A1 and at least one odor from either set at the other times are included.  Red 

marks indicate average and SEM.  (F) Tuning curves for odors in each set ranked based 

on the response strength on Day A1 (black).  Odor set A experience initially shifts the 

tuning curve towards odor set B.  After recovery, odor set B experience shifts the tuning 

curve towards odor set A.  (G) Average fraction of responsive mitral cells to odor set B 

on Day B7 (recently experienced) is significantly less (p < 0.001, bootstrap, 10,000 

repetitions) than the fraction of cells responsive to odor set A (remotely experienced).  n 

= 12 and 9 mouse-odor pairs for remote and recent, respectively.  **p < 0.01, ***p < 

0.001. 

 

 



53 

 



54 

 

Figure 2.7  The expression of the experience-dependent plasticity of mitral cell activity 

depends on wakefulness 

 

(A) Change Index (CI) for each trial within a day in awake (black) and anesthetized (red) 

animals.  Responses under anesthesia are significantly more stable compared to those in 

awake animals, which show significant weakening.  Error bars represent SEM.  ***p < 

0.001.  (B) Activity of mitral cell populations imaged over a seven-day experience 

protocol.  Additionally, activity of the same mitral cell populations to the same odors was 

imaged under ketamine/xylazine anesthesia on days 1 and 7.  Summary of Change Index 

(CI) values, defined for responses on each day, over the time course of the experiment 

shows that the odor-specific reduction in mitral cell activity observed during wakefulness 

on Day 7 was abolished when subsequently tested under anesthesia.  Error bars (SEM) 

are contained in symbols. 

 

 

 

 

 

 

 

 

 



55 

 

 

 
 

 

 



56 

 

Figure 2.8  Schematic of dynamic odor representations 

 

In the awake state, odors are represented by sparse and temporally dynamic patterns of 

mitral cell ensemble activity.  Odor experience leads to a further sparsening of 

representations of experienced odors.  Anesthesia broadens mitral cell responses and 

reduces temporal dynamics, resulting in a greater overlap of representations of different 

odors and a reduced efficiency of odor coding.  
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Figure 2.S1  Olfactory sensory neuron inputs to the bulb do not increase with anesthesia. 

(Related to Figures 2.2 & 2.5) 

 

 (A) Chronic imaging of OMP-synapto-pHluorin signal in the glomerular layer.  (B) 

Odor-evoked activity maps of OSN inputs to glomeruli (pseudocoloring represents odor-

evoked synapto-pHluorin dF/F response averaged across seven trials) from a mouse 

recorded before and after the induction of anesthesia.  OSN responses to the same odor 

(heptanal) in the awake state (middle) compared to the anesthestized state (right).  

Anesthesia decreases OSN inputs.  (C) Average (solid lines) and SEM (shading) of 

synapto-pHluorin responses to the same odor (heptanal) from six glomeruli in one mouse 

recorded in awake and anesthetized states.  The left panel shows all imaged glomeruli in 

white.  (D) Summary data shown in cumulative frequency histogram of odor tuning (the 

number of odors eliciting responses out of the seven tested odors) of OSN inputs in 

glomeruli imaged in the awake state compared to after induction of anesthesia (n = 6 

mice, ketamine: 3 mice, 67 glomeruli; urethane: 3 mice, 83 glomeruli).  Anesthesia 

causes a leftward shift (i.e. narrower tuning).  (E) Respiration rates during odor 

stimulation in the awake and anesthetized state.  Respiration is slower in the anesthetized 

state, potentially explaining the weakening of OSN inputs under anesthesia (B-D).  (F) 

Increasing concentrations of heptanal activate progressively larger numbers of glomeruli 

and each glomerulus responds more strongly.  (G) Summary response of each glomerulus 

imaged to various odor concentrations, normalized to the response amplitude to the odor 

concentration of 2 %.  As a population, glomerular responses do not saturate over a large 

range of odor concentrations (n = 3 odors) 
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Figure 2.S2  The effects of anesthesia on the activity of mitral cells and granule cells are 

independent of anesthetics or normalization. (Related to Figures 2.2 & 2.3) 

 

(A&B) Effects of anesthesia induced by ketamine and urethane, two chemically distinct 

anesthetics, on response amplitudes (A) and tuning width (B) of mitral cell odor 

responses, shown in cumulative frequency plots of the peak response amplitude (A) and 

odor tuning (the number of odors eliciting responses out of the seven tested odors) (B).  

Both anesthetics increase the response amplitudes and tuning width of mitral cells.  

Ketamine: n = 3 mice, 191 mitral cells; urethane: n = 3 mice, 149 mitral cells.  (C&D) 

Effects of anesthesia induced by ketamine and urethane on response amplitudes (C) and 

tuning width (D) of granule cell odor responses.  Both anesthetics decrease the response 

amplitudes and tuning width of granule cells.  Ketamine: n = 3 mice, 186 granule cells; 

urethane: n = 3 mice, 150 granule mitral cells.  (E) Effects of anesthesia on response 

amplitudes of mitral cell odor responses, shown in cumulative frequency plots of the 

unnormalized peak response amplitude (dF).  Anesthesia increases the response 

amplitude of mitral cells.  n = 6 mice, 340 mitral cells.
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Figure 2.S3  Stable chronic imaging of mitral cells. (Related to Figure 2.4) 

 

10 representative mitral cell images from four mice acquired over seven successive days 

in experiments described in Figure 2.4B-I.  Bottom traces are odor-evoked activity from 

seven trials on each day (gray shading is SEM) for two odors, one of which was 

experienced daily (‘Experienced’) and the other was experienced only on days 1 and 7 

(‘Less-exp.’), showing gradual plasticity specific to experienced odors. 
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Figure 2.S4  Additional analyses of experience-dependent plasticity of mitral cell 

responses. (Related to Figure 2.4) 

 

(A) Distributions of the average Change Index to less-experienced odors (Less Exp.) for 

each mitral cell after seven days of experience (Figure 2.4B), separated based on the 

number of effective odors in the experienced odor set (Exp.) that activate the mitral cell.  

CI for less-experienced odors have similar distributions around zero regardless of how 

many ‘experienced’ odors activate the mitral cell, indicating that mitral cell plasticity is 

highly odor-specific; experience of a set of odors does not affect response to other odors.  

(B) Raw GCaMP3 dF/F values for all odor-cell pairs from all animals for the  

experiments described in Figure 2.4B-I, averaged across seven trials on Day 1 and Day 7, 

shown in box plots where whiskers represent most extreme values within 1.5 x I.Q.R., 

with outliers shown in red crosses.  Consistent with our Change Index measure, seven 

days of odor experience causes a reduction in the raw dF/F of mitral cell responses that is 

more pronounced in responses to experienced odors.  (C) The fraction of responsive 

mitral cell-odor pairs on Day 1 and Day 7 for experienced and less-experienced odors.  

Seven days of odor experience causes a reduction in the fraction of responsive mitral cell-

odor pairs that is more pronounced for odors that were experienced daily.  (D) The basal 

GCaMP3 fluorescence intensity does not correlate with the degree of experience-

dependent plasticity.  (left) All mitral cells from one animal, showing no significant 

correlation between the basal GCaMP3 fluorescence intensity and Change Index for 

experienced odors.  Each point represents a mitral cell. (right) Data from all 5 animals 

pooled. 
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Figure 2.S5  Additional experiments showing experience-dependent plasticity of mitral 

cell responses (Related to Figure 2.4) 

 

(A&B) The effect of one-day odor experience is long-lasting.  (A) Experimental design.  

Mice experienced seven odors on Day 1 and then were kept in their home cage for 5 

days.  Responses to the same seven odors were tested on Day 7.  (B) Average (solid) and 

SEM (shading) of Change Index (CI, see text) for each trial on the two imaging days (n = 

4 mice, 169 mitral cells).  Response on Day 7 is weaker than that on Day 1, indicating 

that the experience on Day 1 had a long-lasting effect on mitral cell odor responses.  

(C&D) Experience-dependent plasticity of mitral cell responses is independent of odor 

concentrations.  (C) Experimental design.  The same odor-experience protocol as in 

Figure 2.4B was performed using a lower odor concentration (0.5 % saturated vapor).  

(D) Average (solid) and SEM (shading) of Change Index (CI, see text) for each trial 

across days (n = 5 mice, 335 mitral cells).  On Day 7, responses to experienced odors are 

significantly weaker than those to less-experienced odors.   ***p < 0.001. 
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Figure 2.S6  Odor experience in the home cage triggers response sparsening. (Related to 

Figure 2.4) 

 

 (A) Experimental design.  Mice experienced either heptanal or ethyl tiglate in their home 

cage for 4 successive days, one hour each day.  Responses to the two odors were tested 

on Day 5.  (B) Mitral cell responses in two mice.  (top) Mouse 1 experienced heptanal in 

the home cage, and heptanal elicited sparser responses compared to ethyl tiglate on Day 

5.  (bottom) Mouse 2 experienced ethyl tiglate in the home cage and ethyl tiglate elicited 

sparser responses compared to heptanal on Day 5.  (C) (left) Summary data from eight 

animals.  (right) The same data shown on the left, sorted based on odor experience.  

Odors that have been experienced (Exp) in the home cage show sparser responses 

compared to novel odors.  **p < 0.01. 
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Figure 2.S7  Odor experience leads to a gradual and odor-specific reduction of granule cell 

responses. (Related to Figure 2.4) 

 

(A) Odor experience and chronic imaging protocol.  (B) Activity maps of granule cell 

population responses from one mouse show that responses to experienced (odor set A) 

odors become weaker after seven days (Day 7), while responses to less-experienced (odor 

set B) odors remain relatively stable.  (C) Average (solid) and SEM (shading) of Change 

Index (CI, see text) for each trial across days.  On Day 7, responses to experienced odors 

are significantly weaker than those to less-experienced odors.   ***p < 0.001.  (D) The 

fraction of responsive granule cell-odor pairs on Day 1 and Day 7 for experienced and 

less-experienced odors.  Seven days of odor experience causes a reduction in the fraction 

of responsive granule cell-odor pairs that is more pronounced for odors that were 

experienced daily.  The reduction in the fraction of responsive granule cell-odor pairs is 

milder than the reduction of responsive mitral cell-odor pairs (Figure 2.S4, p < 0.001).  
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Figure 2.S8  Glomerular GCaMP3 responses are only weakly modulated by odor 

experience. (Related to Figure 2.5) 

 

(A) Schematic illustrating imaging of GCaMP3-expressing mitral cell apical dendrites in 

the glomerular layer.  (B) Odor experience and chronic imaging protocol.  (C) Odor-

evoked glomerular activity maps from a PCdh21-Cre mouse expressing GCaMP3 reveal 

that glomerular dendritic responses are relatively stable.  (D) Summary data (n = 141 

glomeruli from 4 mice) indicating that glomerular dendritic responses show only a weak, 

odor-specific reduction over 7 days of odor experience.  The broken line shows Change 

Index for experienced odors from mitral cell body imaging experiments described in 

Figure 2.4D for comparison.  Cell body signals show a significantly larger reduction (p < 

0.001).  (E) Two-photon image of an olfactory bulb slice indicating placement of a puffer 

pipette containing glutamate (500 µM) in a single glomerulus (large yellow circle) and a 

mitral cell (small yellow circle) extending a primary dendrite to the glomerulus. (F) Top 

left: brief application of glutamate (20 ms) causes a calcium transient in the glomerulus 

under control conditions (black traces) that is only partially reduced following application 

of tetrodotoxin (TTX, 1 µM, red traces).  Subsequent application of NMDAR antagonists 

(APV, 100 µM and MK-801, 40 µM) abolishes the remaining response (blue traces).  

Top right: summary of mitral cell glomerular calcium responses (n = 3 slices).  Bottom 

left: simultaneously recorded calcium responses from the mitral cell soma in (E) show 

that TTX completely abolishes glutamate-evoked activity.  Bottom right, summary of 

mitral cell soma responses to glomerular glutamate application. 
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2.7 Experimental Procedures 

All procedures were in accordance with protocols approved by the UCSD 

Institutional Animal Care and Use Committee and guidelines of the National Institute of 

Health.  Mice were acquired from Jackson Laboratories (PCdh21-Cre, OMP-synapto-

pHluorin and GAD2-Cre) and Charles River (C57BL/6 wild-type) and group housed in 

disposable plastic cages with standard bedding in a room with a reversed light cycle (12h-

12h).  Experiments were performed during the dark period. 

 

Immunohistochemistry  

Immunohistochemistry was performed using standard techniques.  Briefly, 14 µm 

olfactory bulb sections were cut using a frozen microtome and Rabbit anti-Tbx21 

(1:2500) (Yoshihara et al., 2005) or Mouse anti-GAD67 (1:5000 or 1:1000, MAB5406, 

Millipore) staining was performed in the presence of 0.2 or 0.3 % triton, respectively.  

GCaMP3 expression was detected using endogenous GCaMP3 fluorescence without 

amplification.  

 

Virus injections 

For GCaMP expression in mitral cells, AAV2/1-syn-FLEX-GCaMP3 (U. Penn 

Vector Core) was injected in the olfactory bulb of P0-3 PCdh21-Cre mice at 6 locations, 

40-60 nl at each site.  Coordinates, measured from the intersection of the midline and the 

inferior cerebral vein, were (anterior, lateral in µm): (100, 300), (100, 600), (400, 300), 

(400, 600), (700, 300) and (700, 600).  In a smaller subset of animals, AAV2/1-syn-
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FLEX-GCaMP5G (U. Penn Vector Core) was used (Akerboom et al., 2012), and the 

results were similar to those obtained with GCaMP3 and thus the data were pooled. 

For GCaMP expression in granule cells, AAV2/1-syn-GCaMP3 or GCaMP5G (U. 

Penn Vector Core) was injected in the olfactory bulb of adult, wild type C57BL/6 mice at 

3-4 locations (~500mm apart), 20 nl at each site during the window implantation.  In a 

subset of experiments, AAV2/1-syn-FLEX-GCaMP5G was injected in GAD2-Cre mice, 

and the results were similar to those obtained from wildtype mice and thus the data were 

pooled. 

 

Window implantation 

Adult mice (6 weeks or older) were anesthetized with isoflurane and a custom 

titanium head-plate was glued to the skull.  A craniotomy (~1 mm) was made over the 

right olfactory bulb, leaving the dura intact.  A glass window (a coverglass with a 350 

µm-thick glass plug) was placed over the craniotomy and the edges were sealed with 1.5 

% agarose.  The window was secured with dental acrylic.  For EEG recording, a 

stainless-steel screw (J.I. Morris, F000CE156) were threaded into the bone above the 

somatosensory cortex and another screw into the bone above the cerebellum as reference.  

When in the home cage, the glass window was covered with KWIK-CAST (World 

Precision Instruments).   

 

Odor stimulation and Imaging 

Odors known to activate the dorsal olfactory bulb (Soucy et al., 2009) (Butyric 

acid, Cyclohexanone, Ethyl butyrate, Ethyl tiglate, Heptan-4-one, Heptanal, Isoamyl 
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acetate, Sigma) were diluted in mineral oil to 4 % v/v.  A custom-built olfactometer 

mixed saturated odor vapor with filtered air 1:1 for a final concentration of 2 % or, in 

experiments described in Figure 2.S5C&D, 1:7 for a final concentration of 0.5 % and 

delivered odors by solenoid valves under computer control.  Odors were delivered at a 

flow rate of 1 L / min for 4 seconds / stimulus with intertrial intervals of 1-2 min.  The 

onset time of odor delivery after valve opening was determined by the calculated time for 

odors to travel through the olfactometer based on the tubing volume and flow rate.  Every 

series of odor trials included a mock trial of filtered air application to estimate the noise 

level, which we used for our receiver-operator characteristic (ROC) analysis to establish 

response threshold.  Respiration was continuously monitored during imaging via a 

thermocouple probe (Omega, 5TC-TT-K-36-36) placed in front of the left nostril. 

Two-photon imaging and odor testing started two weeks or longer after the 

window implantation surgery.  In some cases, animals were handled for a few days and 

head-fixed for several sessions, 30 minutes each, to acclimate them to head-fixation prior 

to imaging.  We observed similar results in acclimated and non-acclimated animals and 

therefore results from all animals were pooled.  All imaging sessions started at least 15 

minutes after mice had been head-fixed.  During imaging sessions, mice showed little 

signs of distress, such as excessive struggling.  GCaMP3 and synapto-pHlouorin were 

excited at 925 nm (Ti-Sa laser, Newport) and images (512 x 128 pixels) were acquired 

with a commercial microscope (Sutter Instruments) with a 16x objective (NIKON) at 

approximately 6.3 Hz.  On the first day of imaging, a field of view was selected to 

capture a large number of well-isolated cells or glomeruli, based on the basal GCaMP3 or 

synapto-pHluorin fluorescence, prior to any odor exposure.  For mitral cell imaging, 3 
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reference images were obtained at the depths of -10, 0 and +10 µm of the chosen field of 

view and these were used to realign imaging fields across sessions.  On subsequent 

sessions for mitral cell imaging, a low-magnification image of the glomerular layer was 

used for the initial alignment.  For each odor application, 34 or 62 seconds of images 

were acquired starting at 10 sec before the odor onset. 

 For anesthesia experiments, mice were anesthetized by intraperitoneal injections 

of urethane/chlorprothixene (1.5 g/kg and 2 mg/kg, respectively) or ketamine/xylazine 

(100 mg/kg and 8 mg/kg, respectively) mixtures and kept on a feedback regulated 

thermal blanket to keep the core body temperature at 37 degrees.  The anesthesia depth 

was monitored by EEG and reflexes to toe pinch and eye poke, and supplemental doses 

were given as necessary. 

 

Data analysis 

We estimate the lateral motion, using the line-by-line motion correction algorithm 

(Dombeck et al., 2007), to be less than 2.30 µm in 95 % of lines, and in the remaining 

lines, the motion is 3.43 ± 0.96 µm (mean ± sd).  This lateral motion was corrected first 

by cross correlation-based image alignment (Turboreg (Thevenaz et al., 1998), ImageJ 

plugin), followed by a line-by-line correction using a hidden-Markov model-based 

algorithm (Dombeck et al., 2007).  ROIs corresponding to individual mitral cells or 

individual glomeruli were manually drawn and the pixels in each ROI were averaged to 

estimate the fluorescence of a single ROI.  For long-term imaging, only ROIs that we 

could identify in every imaging session were kept for analysis.  For example, over seven 

consecutive days of imaging, on average, 91.0 % of the mitral cells originally identified 
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on the first day were reliably detected in every imaging session.  For imaging under 

anesthesia, contamination from the neuropil fluorescence was removed by subtracting the 

average pixel value of a background ROI drawn in the neuropil region near each cell. 

Mice responded to the first application of each odor on each day with an increased 

rate of sniffing as described previously (Wesson et al., 2008), but the sniff rate did not 

systematically differ for subsequent trials throughout our experiments (trial1: 3.95 ± 0.19 

Hz; trial2: 3.40 ± 0.16 Hz, trial3-8: 3.40 ± 0.07 Hz, p < 0.001 between trial 1 and trial 2, 

paired permutation test, 10,000 repetitions).  To avoid any influence of this difference in 

sniff frequency, odor responses from the first application of each odor on each day were 

excluded.  Thus, responses to the second application of each odor on each day were used 

to establish the “initial response”.  For each odor application, the trace was smoothed 

(three frame sliding window average) and normalized by the baseline (the median value 

from 8.1 seconds before odor onset).  The baseline fluctuation (σ) was estimated for each 

ROI by taking the median of standard deviations of baseline traces for all trials (σ = 

0.058 ± 0.018, mean ± sd).  Odor response was assessed over the ten seconds following 

odor onset.  ROC analysis was used to determine the following criteria for identifying 

responsive odor-ROI pairs yielding a 95 % true positive rate; mitral cells: threshold 3.4 x 

σ and above the threshold for at least 3 successive image frames; granule cells: threshold 

3.7 x σ and above the threshold for at least 3 successive image frames; OMP-synapto-

pHluorin: threshold 1.1 x σ and above the threshold for at least 10 successive image 

frames; mitral cell dendrites: threshold 2.7 x σ and above the threshold for at least 3 

successive image frames.  Odor-ROI pair was considered responsive only when its 

response exceeds threshold both 1) in at least 4 of the 7 trials and 2) in the trial-average 
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trace.   For responsive odor-ROI pairs, Change Index (CI) for day X was defined as 

(response on day X – response on day 1) / (response on day X + response on day 1).  CI 

on each trial (trial X) of a given day was defined as (response on trial X – the initial 

response on Day 1) / (response on trial X + the initial response on Day 1).  We used the 

peak dF/F during the response period as response, and the peak was corrected for random 

fluctuations by subtracting 1.6859 x σ (the calculated theoretical value of the peak from 

normally-distributed random fluctuations of 63 image frames). 

 Odor classification by mitral cell ensembles was assessed as follows (inspired by 

Mazor and Laurent, 2005).  Mitral cell ensemble activity in a given trial is expressed as a 

population vector of length n, where n is the product of the number of mitral cells and the 

number of time points (i.e. image frames).  For example, if we recorded from 100 mitral 

cells and consider the entire odor period (4 sec = 25 image frames), n is 2500.  The 

centroid of activity for each odor is calculated by averaging population vectors from 

different trials of that odor.  For each trial of odor X, we asked to which centroid the 

population vector is closest.  If it is closest to the centroid of odor X, we considered the 

classification to be correct.  When it is closest to the centroid of another odor, we 

considered the classification to be incorrect.  The trial considered was excluded from 

calculating the centroids.  For assessing the classification efficiency (Figure 2.2E and 

2.4I), we randomly sampled different numbers of mitral cells that responded to at least 

one odor and calculated the correct classification (%) and the number of responses that 

the sample contained (for example, if a mitral cell responded to three odors, that is scored 

as three responses).  Correct classification with a given number of responses was derived 

from 10,000 permutations.  For assessing the temporal evolution of classification (Figure 
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2.2I), set numbers of responses (awake: 15; anesthetized: 25) were randomly sampled and 

the time window was extended from only considering the first image frame to 

considering the entire odor duration (25 frames). 

 Principal component analysis (PCA) was performed using Matlab’s Statistics 

Toolbox by considering the entire odor periods (25 image frames) of all 340 recorded 

mitral cells in 98 odor trials (7 odors and 7 trials each in awake and anesthetized 

conditions).  Responses were normalized to the highest ensemble activity (i.e. the length 

of population activity vector) within each combination of animal, odor, trial and 

condition (awake vs. anesthetized) and mean-subtracted prior to PCA.  For Figure 2.2H, 

the ensemble activity time-averaged over the 1 sec before odor onset (‘pre-odor’), 0.5 to 

1.5 sec after odor onset (‘1 sec’) and 3-4 sec after odor onset (‘3.5 sec’) were plotted in 

the PCA space. 

 

In vitro slices 

GCaMP3-expressing mice (P14-P28) were anesthetized using a mixture of 

ketamine and xylazine (100 mg and 10 mg per kg, respectively) and decapitated.  The 

right olfactory bulb was quickly removed and placed into ice cold artificial CSF (aCSF) 

containing (in mM): 83 NaCl, 2.5 KCl, 0.5 CaCl2, 3.3 MgSO4, 1 NaH2PO4, 26.2 

NaHCO3, 22 glucose, and 72 sucrose, equilibrated with 95 % O2 and 5 % CO2.  Coronal 

slices (300 µm) were cut using a vibrating slicer (Vibratome) and incubated at 34 ˚C for 

30 min.  Slices were then maintained at room temperature until they were transferred to a 

recording chamber on a modified two-photon laser-scanning microscope (Fluoview 300, 

Olympus) using a Ti:sapphire laser (925 nm, MaiTai, Newport) coupled via standard 
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optics (SD Instruments) and equipped with photomultiplier tube detectors (R3896, 

Hamamatsu) in a non-descanned configuration.  During recording, slices were superfused 

with aCSF containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 

26.2 NaHCO3 and 22 glucose, equilibrated with 95 % O2 and 5 % CO2.  All experiments 

were conducted at 30-32 ˚C.  Current and voltage clamp recordings were collected using 

a Multiclamp 700B amplifier (Axon Instruments), digitized at 10 kHz and analyzed with 

AxographX software.  

For experiments determining the relationship between mitral cell action potentials 

and GCaMP3 responses, patch pipettes (3-5 M) were filled with a K+-based internal 

solution (in mM: 150 potassium gluconate, 1.5 MgCl2, 5 HEPES buffer, 10 

phosphocreatine and 2.0 Mg-ATP; pH 7.45; 280-290 mOsm).  Line scans were 

performed across the mitral cell soma near the base of the primary dendrite.  Action 

potentials (10-100 Hz) were elicited via brief current steps (2-3 ms, 1 nA) from the 

resting membrane potential (~-65 mV).  dF/F values were determined from an average of 

3-5 trials.  

Imaging of responses to glomerular glutamate application was performed using 

frame scans (5-6 Hz).  Glutamate (500 µM) was applied via a puffer pipette (20 ms, 10 

psi) placed within a visualized glomerulus.  dF/F values were determined from an 

average of 3-5 trials under each condition (Control; TTX, 1 µM; APV/MK801, 100 µM 

and 40 µM, respectively). 

Dendrodendritic inhibition was studied using patch pipettes with an internal 

solution containing (in mM):  110 CsCl, 10 TEA-Cl, 1 mM QX-314, 20 HEPES, 12 

Phosphocreatine, 0.2 EGTA, 2.5 glutamate, 3 MgATP, and 0.5 NaGTP.  Mitral cells 
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were voltage-clamped to -70 mV and dendrodendritic inhibition was evoked by brief (50 

ms) voltage steps to 0 mV.  

 

In-cage exposure 

Mice were transferred to a new cage with new bedding prior to the first exposure.  

Filter paper containing 2.5 ml of odor solution diluted in mineral oil (2 % v/v) were 

inserted in a tea ball (~40 mm in diameter) and hung on a side of the cage.  Mice were 

exposed to odor for one hour per day in the dark in a ventilated hood for four consecutive 

days and mitral cell responses to the exposed and control odors were imaged the day after 

the final exposure. 
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Chapter 3: Balancing the robustness and efficiency of odor representations 

 during learning 

  

 

 

 

 

 

3.1 Abstract 

For reliable stimulus identification, sensory codes have to be robust by including 

redundancy to combat noise, but redundancy sacrifices coding efficiency. To address 

how experience affects the balance between the robustness and efficiency of sensory 

codes, we probed odor representations in the mouse olfactory bulb during learning over a 

week, using longitudinal two-photon calcium imaging. When mice learned to 

discriminate between two dissimilar odorants, responses of mitral cell ensembles to the 

two odorants gradually became less discrete, increasing the efficiency. In contrast, when 

mice learned to discriminate between two very similar odorants, the initially overlapping 
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representations of the two odorants became progressively decorrelated, enhancing the 

robustness. Qualitatively similar changes were observed when the same odorants were 

experienced passively, a condition that would induce implicit perceptual learning. These 

results suggest that experience adjusts odor representations to balance the robustness and 

efficiency depending on the similarity of the experienced odorants.

3.2 Introduction 

The stimulus space in the environment is infinitely large and continuous. Sensory 

systems need to effectively represent these stimuli according to perceptual categories, 

which are often defined through learning. For example, it has been shown that parents of 

identical twins learn to use subtle visual cues to discriminate between their own twin 

children, but the effect of this learning is highly specific and does not generalize to other 

twins (Sæther and Laeng, 2008). We consider the effect of learning on two factors related 

to the effectiveness of sensory representations. First, the representations need to be 

robust, maintaining a consistent identification of the same stimuli across multiple trials, 

which can be achieved by encoding redundant information across many channels. 

Second, representations should be efficient, allowing the encoding of a large number of 

distinct stimulus categories within the constraint of a finite capacity of sensory systems. 

We note that efficiency in this sense is not directly related to metabolic costs but instead 

is a measure of how many distinct stimuli a system can encode. In a system with stable 

signal to noise ratio within individual channels as well as biological levels of 

interneuronal correlations, robustness and efficiency are opposing factors that are at odds 

with each other. For example, if each stimulus is represented by a completely distinct 
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ensemble of neurons, it would be very robust but inefficient, limiting coding capacity 

(Figure 3.1A, top). In contrast, if representations of different stimuli are highly 

overlapping, it would be efficient but sensitive to noise (Figure 3.1A, bottom). Here we 

address how these two factors are adjusted during learning in the olfactory system of 

mice. 

 Olfactory transduction begins when an odorant binds to odorant receptors on 

olfactory sensory neurons (OSNs), whose cell bodies lie in the nasal epithelium. Each 

OSN expresses only one of ~1000 odorant receptors (Buck and Axel, 1991), and all 

OSNs expressing a given receptor converge their axons onto one or two glomeruli in the 

olfactory bulb (Mombaerts et al., 1996). Here the OSN axons synapse onto the dendrites 

of mitral/tufted cells, the principal neurons of the bulb, each of which projects their 

dendrites to a single glomerulus and in turn sends out axons to higher areas of the brain. 

Thus, olfactory information entering higher brain areas from the olfactory bulb is 

encoded within the activity of mitral/tufted cell ensembles.  

The olfactory bulb does not function as a passive relay station from the nose to 

higher brain areas. Instead, it processes olfactory information owing to the functions of 

the large population of local interneurons (Arevian et al., 2008; Banerjee et al., 2015; 

Isaacson and Strowbridge, 1998; Kato et al., 2013; Schoppa et al., 1998; Yokoi et al., 

1995). Additionally, feedback from the olfactory cortex and neuromodulatory areas 

modulates mitral cell odorant responses and is important for olfactory tasks such as odor 

discrimination and detection (Boyd et al., 2012; Chapuis and Wilson, 2013; Chaudhury et 

al., 2009; Doucette and Restrepo, 2008; Kapoor et al., 2016; Linster et al., 2001; Ma and 

Luo, 2012; Otazu et al., 2015). These modulatory functions are sensitive to brain states, 
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as neural activity in the olfactory bulb during the awake state has been shown to be 

dramatically different from the anesthetized state (Blauvelt et al., 2013; Kato et al., 2012; 

Kollo et al., 2014; Rinberg and Gelperin, 2006). Recent studies in awake behaving 

animals are beginning to shed light on the way olfactory experience and learning alters 

the dynamics of olfactory circuits (Abraham et al., 2014; Doucette and Restrepo, 2008; 

Doucette et al., 2011; Li et al., 2015; Shakhawat et al., 2014). However, a comprehensive 

understanding of how different types of experience affect odor representations in the 

early stages of processing is still lacking.  

Here we attempt a systematic examination of changes in mitral cell odor 

representations during four types of week-long odor experience: active learning, where 

mice perform either an ‘easy’ or ‘difficult’ discrimination task between dissimilar or 

similar odorant pairs, and passive experience, where mice are passively and repeatedly 

exposed to the same disimilar or similar pair of odorants as in the behavioral tasks. By 

using longitudinal two-photon calcium imaging, we monitored the responses of the same 

populations of mitral cells over a week. Our results indicate that the difficulty level of 

discrimination has a profound impact on the changes of mitral cell odor representations.  

 

3.3 Results 

In all conditions, Pcdh21-Cre mice were injected in the right olfactory bulb with 

Cre-dependent AAV to express GCaMP6f specifically in mitral/tufted cells (Figure 

3.1B). In the discrimination task (Komiyama et al., 2010), one of two odorants was 

presented in each trial for 4 sec, followed by the answer period during which mice were 
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supposed to lick in response to one of the odorants for a water reward and withhold from 

licking to the other odorant. Mice were trained daily, one session per day, and performed 

138.6 ± 1.9 (mean ± SEM) trials per session. Mice first underwent pre-training which 

familiarized them with the task with odorant pairs that were different from those used for 

the imaging experiments (Figures 3.1C and 3.1D). After pre-training, mice performed the 

discrimination task with a novel pair of odorants over 7 days while we imaged the 

responses of mitral cell ensembles (67 ± 5.4 mitral cells per mouse, mean ± SEM). The 

same population of mitral cells was imaged in each session (Figures 3.1E and 3.1F) (Kato 

et al., 2012). 

 

Easy discrimination training results in more efficient mitral cell encoding  

We first asked whether and how mitral cell odor representations were altered 

during a week of discrimination training with a pair of distinct monomolecular odorants 

(Heptanal, S+ or ‘odorant 1’ and Ethyl Tiglate, S- or ‘odorant 2’; n = 8 mice). In this easy 

discrimination task, mice mastered the task within the first tens of trials in the first 

session and maintained a high success rate on subsequent sessions (Figure 3.2A).   

Each odorant elicited responses from a large fraction of mitral cells on the first 

day of training. On average, 41.6 ± 7.5 % of the imaged mitral cell population exhibited 

significant changes in fluorescence to at least one odorant during the odor period. The 

odorant responses included both increases and decreases in fluorescence (Day 1, 72.3 ± 

9.0 % of responses were increases and 27.7 ± 9.0 % were decreases; Day 7, 72.2 ± 7.0 % 

of responses were increases and 27.8 ± 7.0 % were decreases), consistent with previous 

reports (Bathellier et al., 2008; Davison and Katz, 2007; Doucette and Restrepo, 2008; 
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Fuentes et al., 2008; Gschwend et al., 2012; Kato et al., 2012; Kollo et al., 2014; Li et al., 

2015; Nagayama et al., 2004; Rinberg and Gelperin, 2006; Shusterman et al., 2011; 

Yokoi et al., 1995). Additionally, a large fraction of the responsive mitral cells exhibited 

divergent responses between the two odorants on Day 1 (Figures 3.2B-D and Figure 

3.S1).  

During the week-long training paradigm, we observed notable changes in the 

odorant responses of individual mitral cells. First, there was a gradual decrease in the 

fraction of responsive mitral cells, from 41.6 ± 7.5 % responsive on Day 1 to 16.6 ± 4.9 

% on Day 7 (Figure 3.2D). Both of the two odorants showed a similar level of sparsening 

during training (Figure 3.S2). Second, the fraction of cells whose responses significantly 

discriminate the two odorants (‘divergent cells’) also decreased (from 33.1 ± 6.0 % on 

Day 1 to 11.8 ± 3.0 % on Day 7) (Figure 3.2D). As a result, the proportion of divergent 

mitral cells out of the responsive population on each day was maintained (Figure 3.2E). 

Next we quantified the discriminability of individual divergent cells using the sensitivity 

index d’. The average sensitivity index of mitral cells classified as divergent on each day 

decreased slightly with learning (Figure 3.2F). Thus, during the learning of the easy 

discrimination task, information about odorant identity became encoded in fewer mitral 

cells and less robustly in individual cells. 

Given these changes in mitral cell odorant responses, we next asked whether the 

quality of encoding of odorant identity by mitral cell populations changed during 

learning. To this end, we performed a decoder analysis to test how well the 

representations of the two odorants were separated. Briefly, the population response in 

each trial was expressed as a high dimensional vector, and we asked whether the vector 
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of a given trial was closer to the centroid of the trials (excluding the trial of interest) of 

the same odorant (correct classification) or of the other odorant (incorrect classification). 

We repeated this procedure for every trial and calculated the frequency of correct 

classification on each day (Methods).  On the first day, decoder performance was nearly 

perfect, with an average of  95.4 ± 1.1 % correct classifications, reflecting the discrete 

representations of the two dissimilar odorants (Figure 3.2G). The decoder performance 

significantly decreased on subsequent training days, with a mean of 83.6 ± 3.1 % correct 

classifications on Day 7. Other methods of decoding, namely linear discriminant analysis 

(LDA) and support vector machine (SVM), yielded similar results (Figure 3.S3). In 

contrast, we found that the correlation coefficient, a commonly used measure for the 

similarity of ensemble activity, was sensitive to the sparsening in our dataset and proved 

not to be a reliable measure of activity separability (Figure 3.S4). Thus, below we 

focused on decoder analysis. We note that the imperfect decoder performance after 

training, which is below the behavioral performance of the mice (Figure 3.2A), is likely 

due to the limited number of mitral cells used for the decoder, as mice have access to a 

much larger population of mitral cells to accurately identify the odorants. Finally, to 

assess whether the decoder performance relies on a small number of highly divergent 

mitral cells or uses information distributed across many mitral cells, we calculated how 

the decoder accuracy degrades as we reduce the number of mitral cells (Methods). The 

decoder accuracy gradually deteriorated as we removed the most informative mitral cell 

at each permutation, suggesting that the information about odorant identity is highly 

distributed. This trend was generally maintained throughout training (Figure 3.2H).  
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In summary, the easy discrimination task resulted in a gradually smaller 

separability of the representations of the two dissimilar odorants. We reasoned that this 

counterintuitive change may be due to the fact that the two odorants were very different. 

In this case, the discrimination is very easy and thus not the limiting factor of behavioral 

performance, which may allow the system to reduce the robustness of odor 

representations and prioritize the efficiency. If so, the difficulty level of discrimination 

may be an important factor determining the directionality of changes, a notion that we 

tested in the following section. 

 

Difficult discrimination training results in more robust encoding of odorant identity  

In the difficult discrimination task, a separate cohort of mice (n = 10) were 

imaged while they were trained with a pair of binary odorant mixtures after the pre-

training phase. Odorants were mixed at very similar ratios (odorant 1: 52% Heptanal / 

48% Ethyl Tiglate; odorant 2: 48% Heptanal / 52% Ethyl Tiglate) to ensure the difficulty 

of discrimination. These ratios were chosen based on results from pilot experiments 

which tested several ratios in a separate set of mice (not shown). In contrast to the easy 

discrimination task, which all mice mastered within the first day, mice demonstrated a 

slower learning of the difficult discrimination task, suggesting that the similar odorant 

mixtures were more challenging to discriminate. On the first day, mice had a mean 

success rate of 53.3 ± 1.0 %, indicating that mice were initially unable to distinguish 

between the odorant mixtures. The performance gradually improved on subsequent days 

and mice required on average 4 days to perform above an 80 % success rate (Figure 

3.3A).   
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During this week-long training, we observed notable changes in individual mitral 

cell responses. First, as observed during easy discrimination, there was a sparsening of 

mitral cell responses, with a decrease from 37.8 ± 4.2 % responsive on Day 1 to 17.6 ± 

3.8 % responsive on Day 7. However, the fraction of mitral cells with divergent 

responses remained stable (Figures 3.3B-D). As a result, the fraction of divergent mitral 

cells among those that are responsive increased with learning (Figure 3.3E). Furthermore, 

the average discriminability of individual divergent cells increased with learning, 

indicating that, despite the stable fraction of divergent cells out of all imaged cells, 

individual divergent cells became more robust in encoding the odorant identity (Figure 

3.3F). 

 

Difficult discrimination training results in enhanced discriminability by mitral cell 

populations 

Using the same classification method described earlier, we asked whether there 

was a change in how well the activity of mitral cell ensembles distinguished odorant 

identity during the difficult discrimination training. The decoder performance on Day 1 

was significantly lower than that on Day 1 of easy discrimination (p < 0.001, Wilcoxon 

rank-sum test), consistent with the difference in the similarity of odorant pairs. In contrast 

to the degradation of the decoder performance observed during easy discrimination 

training, the performance of the decoder improved significantly during difficult 

discrimination training from 0.69 ± 0.03 on Day 1 to 0.79 ± 0.02 on Day 7, despite the 

decrease in the number of mitral cells responding to these odorants (Figure 3.3G). 



97 

 

Similarly to the easy discrimination training, the decoder relied on distributed 

information from large populations of mitral cells (Figure 3.3H).  

It has been proposed that changes in the trial-to-trial correlation structure, 

specifically an alteration in the relationship between noise correlation and signal 

correlation, can affect the discriminability of ensemble activity during perceptual learning 

(Cohen and Maunsell, 2009; Jeanne et al., 2013). However, we found no evidence of 

such a change mediating the observed improvement in decoder performance. When we 

shuffled the trials of individual mitral cells within each odorant’s trials to eliminate 

response covariance across cells (noise correlation), the decoder performance consistently 

improved, indicating that noise correlation is mildly detrimental to the decoder 

performance (p < 0.001, Wilcoxon signed rank test). This effect did not change with 

training (Figure 3.3I). Furthermore, trial-to-trial variability of population responses, 

another potential contributor to the decoder performance, did not change with training 

(Figure 3.3J). Instead, the distance between trial-averaged responses of the two odorants 

within the population activity space increased gradually (Figure 3.3K). This is 

reminiscent of a recent study that found that distance (or ‘signal’) but not noise increased 

in the primary visual cortex during visual perceptual learning (Yan et al., 2014). 

Consistent with the notion that the distance between odorant responses is the main 

determinant of decoder accuracy, these two measures exhibited very tight correlation on 

individual days (Figure 3.3L). The distance and not the variability or correlation 

structures was also the main determinant of decoder accuracy in the easy discrimination 

task (Figures 3.S3 and 3.S5). Taken together, training with the difficult discrimination 
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task results in an increased separation of the representations of the two similar odorants 

that are initially overlapping. 

 

Mitral cell ensemble activity correlates with behavioral choice 

During the difficult discrimination task, behavioral performance plateaued at 

~85% success rate after 4 days. The errors were almost exclusively (97.4 %, 530/544 

error trials on Days 4-7) false alarms in which mice licked during no-lick trials. We asked 

whether these error trials could be predicted by mitral cell odorant responses. To address 

this question, we projected the population responses of individual trials onto the axis 

connecting the mean responses of odorant 1 and odorant 2 trials (‘discrimination axis’). 

Strikingly, the distribution of false alarm trials and that of correct rejection trials (correct 

no-lick in no-lick trials) were significantly different (p < 0.001, bootstrap), with the false 

alarm distribution lying in between the mean responses of odorant 1 and odorant 2 trials 

(Figure 3.3M). Accordingly, within odorant 2 trials, there was a monotonic relationship 

between the location of the population response on a given trial along the discrimination 

axis and the probability of false alarms, with more ‘odorant 1-like responses’ 

corresponding to a higher frequency of false alarms (r = -0.69,  p < 0.001, Spearman 

correlation, Figure 3.3N). These results suggest that, when mitral cells respond to odorant 

2 in an ‘odorant 1-like’ manner, mice are more likely to perceive it as odorant 1. 

 

Population responses in the principal component space 

The results so far suggest that mitral cell odor representations undergo distinct 

changes in the easy and difficult discrimination tasks. In order to visualize the changes in 
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the high-dimensional mitral cell population responses, we next performed principal 

component analysis. This allowed us to project odorant responses for either individual 

mice or for pooled responses across all mice in a space with reduced dimensions. 

Consistent with the observations with the decoder analysis, in the easy discrimination 

task, the representations of the two odorants were highly discrete and non-overlapping on 

Day 1. After the training, the representations became closer in the activity space, 

although they were still relatively distinct (Figures 3.4A and 3.4B). In contrast, in the 

difficult discrimination task, mitral cell odor representations were initially highly 

overlapping on Day 1, reflecting the high similarity of the two odorants. With difficult 

discrimination training, however, the representations of the two odorants became more 

separable and discrete by Day 7 (Figures 3.4C and 3.4D). 

 

Changes in mitral cell responses during passive exposure are qualitatively similar to the 

task condition 

It has been argued that passive exposure to similar odorants can enhance 

spontaneous discrimination (Escanilla et al., 2008; Kass et al., 2016; Mandairon et al., 

2006). We therefore asked whether the changes in mitral cell responses that we observed 

in behaving mice require engagement in a behavioral task. To address this question, we 

imaged mitral cell responses (64 ± 4.6 mitral cells per mouse, mean ± SEM) in a separate 

cohort of mice experiencing odorants passively. In these experiments, two groups of mice 

were handled identically to the behavioral experiments, including surgeries, water 

restriction and pre-training. After pre-training, they experienced the same similar or 

dissimilar odorant pairs as used in the behavioral tasks at similar time intervals (4-sec 
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odorant, 15-sec interval, ~75 trials per odorant per day, pseudorandom delivery of the 

two odorants) passively over 7 days without task engagement (n = 11 mice for difficult 

odorants and 8 mice for easy odorants). In these conditions, we observed a similar 

reduction in the fraction of responsive mitral cells as with the task condition (Figures 

3.5A and 3.5D). Further, the fraction of cells with divergent responses also followed a 

similar trend as task animals, with a stable divergent fraction in animals experiencing 

similar odorants and a decreasing fraction in animals experiencing dissimilar odorants 

(Figure 3.5A, 3.5B, 3.5D and 3.5E). The decoder performance slightly increased and 

decreased for similar and dissimilar odorants, respectively, analogous to the case in task 

animals. However, although the change in decoder accuracy became significantly lower 

with passive exposure to easy odorants (Figure 3.5C), it did not reach statistical 

significance after passive exposure to difficult odorants (Figure 3.5F). These results 

suggest that the bidirectional neural changes that we identify in this study are not specific 

to the association learning condition but are a result of becoming familiar with the 

odorants. Task engagement may either accelerate and/or exaggerate the enhancement or 

deterioration of discriminability. 

 

3.4 Discussion 

In this study, we examined the effects of different types of olfactory experience 

on mitral cell odor representations. Over a week, mice repeatedly experienced a similar 

or dissimilar odorant pair in a discrimination task or passive exposure. We acknowledge 

that it is becoming increasingly clear that fine temporal features of mitral cell spiking, 
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which are not accessible with the temporal resolution of our imaging approach, can carry 

important information about odorant identity (Bathellier et al., 2008; Blauvelt et al., 

2013; Blumhagen et al., 2011; Cury and Uchida, 2010; Friedrich et al., 2004; Gschwend 

et al., 2012; Lepousez and Lledo, 2013; Li et al., 2015; Shusterman et al., 2011). It has 

also been shown that the reaction time in olfactory discrimination tasks can be as short as 

a couple hundred milliseconds (Abraham et al., 2004; Resulaj and Rinberg, 2015; Uchida 

and Mainen, 2003), indicating that mitral cell responses within this time window must 

contain sufficient information for discrimination at least in certain contexts. While there 

is certainly value in studying the minimal neural responses necessary for discrimination, 

our task is not a reaction time task and not designed to address this problem. We also 

believe that mitral cell responses within the first couple hundred milliseconds after 

stimulus onset are unlikely to explain the entirety of our odor percepts, and here we chose 

to probe the quality of olfactory representations during the entire stimulus period. 

Regardless, our imaging preparation affords a unique opportunity to perform 

longitudinal recording from identified mitral cell ensembles across days, allowing a 

glimpse at the dynamics of odor representations over a week of experience paradigms. 

We found that all experience paradigms resulted in a sparsening of mitral cell odorant 

responses. Furthermore, discrimination training significantly modified the 

discriminability of odorant pairs by mitral cell ensemble responses: discriminability 

increased with training with similar odorant pairs, mirroring the improvements in the 

animal’s behavioral performance. However, during the discrimination of dissimilar odor 

pairs, discriminability surprisingly decreased while behavioral performance remained 

high. 
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Robustness and efficiency of sensory coding 

Information theory articulates the importance of considering the robustness and 

efficiency of information codes (Shannon, 1948). A reliable code should be robust 

against many factors that degrade the quality of the code. For example, we have found 

that the activity of individual mitral cells is variable from trial to trial, making odor 

representations noisy. Furthermore, we observed that noise correlation among mitral cells 

has an overall negative impact on the classification of odorant identity. A common way 

to combat these problems is to increase redundancy, which enhances the robustness of the 

code. In fact, it has been shown that retinal ganglion cell populations encode the visual 

scene with a ten-fold redundancy (Puchalla et al., 2005). However, increasing 

redundancy can come at the expense of the efficiency, decreasing the capacity of distinct 

information that a sensory system can code. Then, how should a sensory system find the 

right balance between robustness and efficiency? Our results suggest that these factors 

are dynamically adjusted through learning. This process is context-dependent, and the 

similarity of experienced odorants is an important determinant that governs the direction 

of the change. When the odorants are very similar, robustness is enhanced at the expense 

of efficiency. When dissimilar odorants are experienced and the discrimination is easy, 

the system makes the code more efficient by reducing the robustness, perhaps because it 

can afford to do so. 

A striking feature of our results is that, after easy and difficult discrimination 

learning, the representations of the two odorants approached a similar level of 

decorrelation. In other words, the final difference between the representations of the two 
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odorants was nearly independent of how similar the odorants were. This unexpected 

observation makes it tempting to speculate that learning balanced the robustness and 

efficiency of the odor representations to an optimal level. It is important to note that there 

is not a single optimal value of this balance that applies to all systems. Rather, the 

optimality is a function of a number of factors including the statistics of sensory inputs 

and the noise levels of the sensory code. It also depends on the downstream decoding 

mechanisms. As such, it has been argued that neural circuits should adapt based on these 

dynamic factors to achieve optimality with learning (Tkacik et al., 2010). We 

acknowledge that the stimulus set used in our study is not sufficient to test the limit of 

coding capacity. Future experiments involving a larger number of odorants will be 

required to better gauge the efficiency in the odorant coding space. Regardless, our 

results provide empirical evidence that learning can indeed modify the balance between 

robustness and efficiency in a bidirectional manner. 

 

The effect of experience on olfactory processing 

Previous studies have described learning-related plasticity at multiple levels 

within the olfactory system (Abraham et al., 2014; Chapuis and Wilson, 2012; Doucette 

and Restrepo, 2008; Doucette et al., 2011; Kass et al., 2013, 2016; Li et al., 2015; 

Shakhawat et al., 2014; Wachowiak et al., 2005). Our study contributes to the mounting 

evidence supporting the olfactory bulb as an important locus for learning-related activity 

changes (Abraham et al., 2014; Doucette and Restrepo, 2008; Doucette et al., 2011; Li et 

al., 2015). It is noteworthy that one previous study described that olfactory perceptual 

learning, similar to the difficult discrimination task used here, resulted in increased 
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pattern separation in anterior piriform cortical ensembles but not in mitral cells (Chapuis 

and Wilson, 2012). One important difference from our current study was that recordings 

in this study were performed in anesthetized animals. We have previously shown that 

anesthesia blocked the expression of one form of mitral cell plasticity (Kato et al., 2012), 

which may explain why their recordings under anesthesia did not reveal the mitral cell 

plasticity that we report here. A recent study reported that the degree of decorrelation in 

mitral cell ensemble responses to different odorants before learning could closely predict 

the difficulty of discrimination learning, although this study did not examine the effect of 

learning on mitral cell responses (Gschwend et al., 2015). Taking these results together, 

we suggest that one consequence of difficult discrimination learning is the 

disambiguation of similar mitral cell odor representations, which could contribute to the 

improved perceptual acuity during learning. This change at the mitral cell level may 

occur in concert with additional changes in higher brain areas. Furthermore, this 

enhanced pattern separation is not observed during easy discrimination learning, in which 

the odorants already elicit discrete mitral cell odor representations.  

We do not believe that many of the changes that we report here are directly 

related to the association learning aspect of our task. One of our main findings is the 

bidirectional and opposing changes in discriminability depending on discrimination 

difficulty, and this finding is not immediately compatible with the notion that the changes 

are driven by association. Furthermore, neural changes during the passive exposure 

paradigm were qualitatively similar to the task condition, albeit slightly less pronounced. 

Therefore it appears that task engagement accelerates and/or exaggerates experience-

driven changes whose directionality depends on the similarity of odorants. It is important 



105 

 

to note that we should not confuse passive exposure with a learning-free condition. In 

fact, passive experience has been found to induce implicit perceptual learning in various 

sensory modalities (Escanilla et al., 2008; Kass et al., 2016; Mandairon et al., 2006; 

Godde et al., 2000; Watanabe et al., 2001). We propose that a goal of these experience-

driven changes in mitral cell responses is to optimally represent the olfactory world based 

on the statistics of experienced odorant sets. 

 The changes in mitral cell responses could be mediated by several mechanisms. 

Local inhibitory neurons within the olfactory bulb, consisting of various subtypes, are 

likely involved in regulating mitral cell responses in an experience-dependent manner. 

We previously showed that anesthesia greatly reduces the activity of granule cells, the 

most abundant inhibitory neurons in the bulb, and blocks the expression of mitral cell 

sparsening after passive experience (Kato et al., 2012). These results are consistent with 

the notion that granule cell activity is responsible for the sparsening of mitral cell odor 

responses. Furthermore, another study reported that an artificial elevation of inhibitory 

neuron activity in the bulb can enhance pattern separation by mitral cell population 

responses and improve behavioral performance (Gschwend et al., 2015). An interesting 

feature about the olfactory bulb is that many inhibitory interneurons are continually 

replaced with new neurons through adult neurogenesis. It has been reported that recently 

born neurons are more plastic (Kelsch et al., 2009; Nissant et al., 2009), and artificial 

activation of these young neurons are particularly effective in enhancing discrimination 

learning (Alonso et al., 2012). Additionally, the olfactory bulb receives heavy feedback 

from cortical and neuromodulatory areas. These feedback projections have also been 

reported to shape mitral cell tuning and influence olfactory perceptual acuity (Doucette et 
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al., 2007; Ma and Luo, 2012; Otazu et al., 2015; Rothermel et al., 2014). Future studies 

will be needed to unravel the relative contributions of these related mechanisms to the 

mitral cell plasticity induced by different types of odor experience.  
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3.6 Figures 

Figure 3.1  Longitudinal mitral cell imaging during week-long behavioral paradigms. 

 

(A) Schematic demonstrating the tradeoff between robustness and efficiency in the 

encoding of stimuli within a finite neural activity space (rectangles). (top) An extreme 

example of robust coding: Three discrete sensory stimuli (colored circles) are encoded 

with high robustness, or redundancy. (bottom) An example of a system with higher 

efficiency, or the capacity to encode more stimuli, than the system above within the same 

neural space. However, this enhanced efficiency occurs at the expense of robustness. 

(B) Schematic of the olfactory bulb. AAV2.1-FLEX-hsyn-GCaMP6f was injected into 

the right olfactory bulb of Pcdh21-cre mice to express GCaMP6f specifically in mitral 

cells. 

(C) Experimental timeline. Mice first go through a pre-training period with two sets of 

odorant pairs (first pre-training pair: citral/limonene; second pre-training pair: +-

carvone/cumene) before they started the imaging period, where they perform the 

discrimination task with a novel odorant pair.  

(D) Trial structure of the discrimination task. 

(E) Schematic of imaging setup.  

(F) A field of mitral cells expressing GCaMP6f on the first day of imaging (left) and six 

days later (right).  

 

 

 





110 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

Figure 3.2  Mitral cell odorant responses during the easy discrimination task. 

 

(A) Left: Behavioral performance on Day 1 of the easy discrimination task. Fraction of 

correct trials is shown for each block of 10 trials (n = 8 mice). Right: Behavioral 

performance for each session (day) during the easy discrimination task.  

(B) Mean odorant responses of three example mitral cells during single sessions. 

Horizontal bars indicate odorant periods (4 sec). 

(C) Spatial distribution of responsive (cyan) and divergent (magenta) neurons on Day 1 

(left) and Day 7 (right) for an example mouse during easy discrimination training. Non-

responsive neurons are shown in white. 

(D) Fractions of neurons classified as responsive (black) and divergent (magenta) on each 

day. Both fractions show a significant decrease (Pearson correlation; Responsive: r = -

0.43, p < 0.01, divergent: r = -0.44, p < 0.01). 

(E) Fraction of divergent neurons out of responsive neurons is maintained throughout 

easy discriminating training (Pearson correlation; r = -0.03, p = 0.82). 

(F) Sensitivity index (d’) of divergent neurons decreases with easy discrimination 

training (Pearson correlation; r = -0.28, p < 0.05). 

(G) Decoder accuracy during easy discrimination training significantly decreases 

(Pearson correlation; r = -0.42, p < 0.01)  

(H) Coding of odorant identity in mitral cell ensembles is distributed. For each mouse, 

the mean decoder accuracy was calculated after removing one additional neuron at a time 

in the descending order of their contribution to decoder accuracy (i.e. the drop in decoder 

accuracy caused by removal, Methods). 

(All values in line plots are mean ± SEM.) 
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Figure 3.3  Mitral cell odorant responses during the difficult discrimination task. 

 

(A) Behavioral performance during the difficult discrimination task (n = 10 mice).  

(B) Mean odorant responses of three example mitral cells during difficult discrimination 

training. Horizontal bars indicate odorant periods (4 sec). 

(C) Fractions of neurons classified as responsive (black) and divergent (magenta) on each 

day. The responsive fraction shows a significant decrease (Pearson correlation; r = -0.45, 

p < 0.001), while the divergent fraction remains stable (Pearson correlation; r = 0.20, p = 

0.10). 

(D) Spatial distribution of responsive (cyan) and divergent (magenta) neurons on Day 1 

(left) and Day 7 (right) for an example mouse during difficult discrimination training.  

(E)  Fraction of divergent neurons out of responsive neurons increases throughout 

difficult discriminating training (Pearson correlation; r = 0.41, p < 0.001). 

(F) The sensitivity index (d’) of divergent neurons increases with difficult discrimination 

training (Pearson correlation; r = 0.31, p < 0.05). 

(G) Population decoder accuracy is enhanced during difficult discrimination training 

(Pearson correlation; r = 0.38, p < 0.01).  

(H) Coding of odorant identity in mitral cell ensembles is distributed.  

(I) Improvement in decoder accuracy is not due to changes in interneuronal correlation 

structure. When each odorant’s trial responses were shuffled independently for each cell 

to eliminate noise correlation, decoder accuracy slightly improved, and this effect did not 

change with training (Pearson correlation; r = 0.23, p = 0.07). 

(J) The trial-by-trial variance of ensemble activity, calculated as the sum of the 

covariance matrix of a session’s activity vector (Methods), does not change with learning 

(Pearson correlation; r = -0.04, p = 0.72). 

(K) Mean square distance between odor centroids (Methods) significantly increases with 

learning (Pearson correlation; r = 0.35, p < 0.01).   

(L) Mean square distance between odor centroids and the decoder accuracy are highly 

correlated (Pearson correlation; r = 0.79, p < 0.001). 

(M) Distribution of all hit, correct rejection (CR), and false alarm (FA) responses on Day 

7, projected on the axis connecting the two odor centroids. CR and FA distributions are 

distinct (bootstrap, p < 0.001) and the FA trial distribution lies between hit and CR trials. 

(N) Probability of false alarms in all odorant 2 trials is higher when mitral cell responses 

are more similar to odorant 1 trials on Day 7 (Spearman correlation; r = -0.69, p < 0.001).  

(All values in line plots are mean ± SEM.) 
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Figure 3.4  Bidirectional changes in the divergence of population representations during 

the easy and difficult discrimination tasks. 

 

(A) Mitral cell population responses from a single mouse in the easy discrimination task 

visualized in the space of the first three principal components (PC) on Day 1 (top) and 

Day 7 (bottom). Each data point corresponds to the population activity on a trial. 

(B) Mitral cell population responses pooled across all animals in the easy discrimination 

task, plotted for Day 1 and Day 7 in the first three PC axes. Note the decrease in 

separation of odorant 1 and odorant 2 trials with training. 

(C) and (D) Same as A and B for the difficult discrimination task. Note the increase in 

separation of odorant 1 and odorant 2 trials with training. 

The value next to each PC axis label is the variance accounted for by that PC axis, and 

plots are manually rotated to optimally highlight any separability between odorants. 
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Figure 3.5  Mitral cell odor responses during passive experience.  

 

(A-C): Passive experience of the same odorants used in the easy discrimination task (n = 

8 mice): (A) Fraction of neurons classified as responsive (black) and divergent (magenta) 

on each day. There is a significant decrease of both fractions (Pearson correlation; 

responsive: r = -0.38, p < 0.01; divergent: r = -0.37, p < 0.01). (B) Fraction of divergent 

neurons out of responsive neurons is stable during the week-long passive exposure 

(Pearson correlation; r = 0.05, p = 0.69). (C) Decoder accuracy significantly decreases 

(Pearson correlation; r = -0.29, p < 0.05). 

(D-F): Same as A-C for passive experience of the same odorants used in the difficult 

discrimination task (n = 11 mice): (D) Fraction of neurons classified as responsive 

decreases (Pearson correlation; r = -0.42, p < 0.001), while the divergent fraction does 

not change (Pearson correlation, r = 0.06, p = 0.61). (E) Fraction of divergent neurons out 

of responsive neurons increases (Pearson correlation; r = 0.35, p < 0.01). (F) Decoder 

accuracy is stable (Pearson correlation, r = 0.18, p = 0.11). 

(All values in line plots are mean ± SEM.)
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Figure 3.S1  Examples of individual mitral cell responses in all experience paradigms. 

 

Examples of single mitral cell odorant responses on Day 1 and Day7 for each experience 

paradigm. Gray: 8 randomly selected trials ; Black, mean response across all trials on that 

day. Horizontal red bars indicate the 4-sec odorant period. A blue dot, red dot and hollow 

circle indicate a mitral cell that is classified as responsive and non-divergent, divergent, 

and non-responsive, respectively, on that day.  
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Figure 3.S2  Mitral cell responses to odorant 1 and odorant 2 show similar levels of 

sparsening in all experience paradigms. 

 

(A) Fraction of responsive neurons on each day of the easy discrimination task to the 

rewarded odorant 1 (blue) and unrewarded odorant 2 (red), normalized to the mean of the 

fraction of responsive neurons for the respective odorant across mice on Day 1 (n = 8 

mice). Both odorants undergo a significant decrease in the fraction of responsive neurons 

relative to the first day of training (Pearson correlation; odorant 1: r = -0.45, p < 0.001; 

odorant 2: r = -0.48, p < 0.001).  

(B) Same as (A) for passive experience of dissimilar odorants (n = 8 mice). Pearson 

correlation; odorant 1: r = -0.42, p < 0.01; odorant 2: r = -0.38, p < 0.05.  

(C) Same as (A) for difficult discrimination training (n = 10 mice). Pearson correlation; 

odorant 1: r = -0.65, p < 0.001; odorant 2: r = -0.55, p < 0.001.  

(D) Same as (A) for passive experience of similar odorants (n = 11 mice). Pearson 

correlation; odorant 1: r = -0.51, p < 0.001; odorant 2: r = -0.55, p < 0.001). 

(All values in line plots are mean ± SEM.)
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Figure 3.S3  Analysis results are not dependent on decoder method or time window. 

 

(A-C) Linear discriminant analysis (LDA) and support vector machine (SVM) classifiers 

provide similar results as the nearest-centroid classifier. (A) Decoder accuracy for each 

condition shows similar changes with LDA (red), SVM (blue), and nearest-centroid 

(black) classifiers. (B) The contribution of noise correlation to decoder accuracy does not 

change significantly over days in any of the three classifiers, indicating that changes in 

noise correlation are not the cause for the decrease or increase in decoder accuracy with 

easy or difficult discrimination training, respectively. Note that for all classifiers, 

removing noise correlation increases decoder accuracy (p < 0.001, Wilcoxon signed rank 

test), suggesting that noise correlation is slightly detrimental to the decoder performance. 

(C) Coding of odorant identity in mitral cell ensembles is distributed. For each mouse, the 

mean decoder accuracy using a LDA (red) or nearest-centroid (black) classifier was 

calculated after removing one additional neuron at a time in the descending order of their 

contribution to decoder accuracy (i.e. the drop in decoder accuracy caused by removal, 

Methods). This analysis was not performed for SVM. 

 

(D-J) Analysis performed using the first 2.73 sec of odorant period shows similar results 

with analysis on the entire 4-sec odorant period. 2.73 sec is the average (across mice) of 

the median start time of licking after odor onset in rewarded trials during discrimination 

training. Each row pertains to a single condition as labeled in column D. (D) Distribution 

of all hit, correct rejection (CR), and false alarm (FA) responses on Day 7, projected on 

the axis connecting the two odor centroids. CR and FA distributions are distinct 

(bootstrap, p < 0.001) and the FA trial distribution lies between hit and CR trials. (E) 

Probability of false alarms in all odorant 2 trials is higher when mitral cell responses are 

more similar to odorant 1 trials on Day 7 (Spearman correlation; r = -0.48, p < 0.001). (F) 

Fraction of responsive (black) and divergent (magenta) cells out of all imaged cells. (G) 

Fraction of divergent cells out of responsive cells. (H) Decoder accuracy, using either 

nearest-centroid (black), LDA (red) or SVM (blue) classifiers. (I) Change in decoder 

accuracy after removing noise correlation for nearest-centroid (black) or LDA (red) 

classifiers over days. (J) Coding of odorant identity in mitral cell ensembles is 

distributed. For each mouse, the mean decoder accuracy using either LDA (red) or 

nearest-centroid (black) classifier was calculated after removing one additional neuron at 

a time in the descending order of their contribution to decoder accuracy. For I and J, we 

did not perform SVM. 

(All values in line plots are mean ± SEM.) 
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Figure 3.S4  Correlation coefficients are not a reliable measure of separability of ensemble 

activity. 

 

(A) Correlation coefficients of population responses between pairs of trials of different 

odorants (‘inter-odorant correlation’). 

(B) Correlation coefficients of population responses for same-odorant trials (‘intra-

odorant correlation’).  

Note that for both difficult and easy discrimination training, there is a marked decrease in 

intra-odorant correlation. However, we have seen that the variability of responses does 

not change over time (Figures 3.3J, 3.S5A, B, E and F). The decrease in intra-odorant 

correlation most likely arises from sparsening of responses, which reduces the 

meaningful responses and increases the number of cells that contribute noise, thus 

causing a reduction in intra-odorant correlation coefficient. During difficult 

discrimination training, the decrease in inter-odorant correlation is likely reflective of 

both the enhanced separability between odorants and sparsening. Furthermore, the stable 

inter-odorant correlation during easy discrimination training is likely due the 

contributions of both sparsening, which decreases correlation, and reduced separability of 

responses, which increase correlation, canceling out each other.  

(All values in line plots are mean ± SEM.) 

 

 

 



126 

 



127 

 

Figure 3.S5  Distance between odor centroids, and not variance, contributes to decoder 

accuracy.  

 

(A-C) Difficult discrimination task: (A) Total variance for each mouse during each 

session is plotted against decoder accuracy. There is no significant correlation between 

total variance and decoder accuracy (Pearson correlation; r = -0.14, p = 0.25). (B) 

Population responses on individual trials were projected onto the axis connecting the odor 

centroids, or the axis of discrimination, and the variance was plotted as a function of 

time. There is no change in axis variance during difficult discrimination (Pearson 

correlation; r = -0.07, p = 0.57). (C) Variance along the discrimination axis for each 

mouse during each session was plotted against decoder accuracy. There is no significant 

correlation between axis variance and decoder accuracy (Pearson correlation; r = -0.15, p 

= 0.23).  

(D-I) Easy discrimination task: (D) Mean square distance between odor centroids on each 

day of training significantly decreases (Pearson correlation; r = -0.39, p < 0.01), but the 

total variance (Pearson correlation; r = -0.06, p = 0.66) (E) and the axis variance (Pearson 

correlation; r = -0.23, p = 0.08) (F) are stable. (G) Decoder accuracy correlates 

significantly with mean square distance for each mouse in each session (Pearson 

correlation; r = 0.49, p < 0.001), but not with total variance (Pearson correlation; r = -

0.13, p = 0.36) (H) or discriminating axis variance (Pearson correlation; r = 0.01, p = 

0.95) (I). 

(All values in line plots are mean ± SEM.) 
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3.7 Experimental Procedures 

Subjects 

All procedures were in accordance with protocols approved by the UCSD Institutional 

Animal Care and Use Committee and guidelines of the National Institute of Health.  Mice 

(Pcdh21-Cre) were originally acquired from RIKEN BRC and backcrossed at least 4 times 

to C57bl/6. Mice were housed in disposable plastic cages with standard bedding in a room 

with a reversed light cycle (12h-12h), and all experiments were performed during the dark 

period. 

 

Surgeries 

Adult mice (6 weeks or older, male) were anesthetized with isoflurane and surgeries were 

performed to implant a headplate and perform craniotomy as described previously (Kato 

at al 2012). Briefly, a stainless-steel headplate was glued to the skull, followed by the 

implantation of an optical glass window (1x2 mm oval) above the right olfactory bulb 

and securement with dental cement. To obtain mitral cell specific expression of 

GCaMP6f, virus containing a Cre-dependent GCaMP6f-expression construct (AAV2.1 

hsyn-FLEX-GCaMP6f, UPenn Vector Core, 1:4 dilution in saline, 20 nl / site, 4 sites) 

was injected into the olfactory bulb of Pcdh21-cre mice at the depth of 250 μm during 

craniotomy.  
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Odorant delivery 

Odorants were first diluted in mineral oil to a calculated vapor pressure of 200 ppm. A 

custom-built olfactometer mixed saturated odorant vapor 1:1 with filtered, humidified air 

for a final concentration of 100 ppm. Final air flow rate was controlled at 1 L / min. 

 

Behavior 

Mice were water-restricted starting ~1 week after surgeries and weight was maintained at 

80-85 % of initial value. The pre-training phase started 2 weeks after water restriction. 

The behavioral program was controlled by a real-time system (C. Brody). Each daily 

training session consisted of 150 trials, and odorants were delivered pseudo-randomly, 

with no more than 3 successive trials of the same odorant. Each trial included an odorant 

delivery time of 4 seconds. This was followed by a 2-second answer period where the 

mouse had the opportunity to respond. If the odorant was the rewarded odorant (S+) and 

the mouse licked the lickport at least once during the answer period, a water reward is 

given (~6-7 μl). Any other action (i.e. not licking to S+ or unrewarded odorant (S-), or 

licking to S-) did not result in a water reward and the trial would then proceed to the 

inter-trial interval (ITI). No punishment was delivered for error trials. Licking during the 

odorant period was ignored. 

 During the pre-training phase, mice were first trained with a single odorant pair, 

citral (S+) and limonene (S-), with an ITI of 3 seconds. After mice performed above 80% 

success rate, the ITI was incrementally extended by two seconds every half-session until 

an ITI of 15 seconds was reached. Once the mice performed at a success rate above 80% 

for the first odorant pair with an ITI of 15 seconds (~7-10 days), odorants were changed 
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to a second pair, +-carvone (S+) and cumene (S-). Once mice performed above 80% for 

the second odorant pair (~3-4 days) and mitral cells expressed GCaMP6f at levels 

sufficient for imaging, we began the week-long imaging period, where mitral cell activity 

was monitored while mice simultaneously performed a discrimination task with a novel 

odorant pair or experienced the novel odorants passively. For passive odorant experience, 

the trial structure, including odorant delivery time (4 sec) and ITI (15 sec), was the same 

as during discrimination training, with the exception that no water reward was given. 

Licking during passive exposure was rare, decreasing from 6.3 ± 2.5 % and 5.2 ± 1.5 % 

of trials on Day 1 for easy and difficult odorants, respectively, to 1.9 ± 0.6 % and 1.4 ± 

0.6 % of trials on Day 7. The odorants used for the imaging experiments, Heptanal and 

Ethyl Tiglate, were chosen on the basis of their structural dissimilarity. 

 

Image acquisition 

Two-photon imaging was done with a commercial microscope (B-scope, Thorlabs) with 

925 nm excitation from a Ti-Sa laser (Spectra-physics) at a framerate of approximately 

28 Hz. Each imaging frame was made up of 512 x 512 pixels, spanning 765 x 655 μm. 

Imaging was performed continuously during segments of about 2.4 minutes long, with 

inter-segment intervals of 7 seconds. Data from trials which occurred during the intervals 

were not analyzed. Full-frame cross-correlation correction on imaging frames was 

performed using a custom program written in MATLAB.  
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Data Analysis 

In a small number of sessions, we were not able to collect imaging data due to error and 

these sessions were excluded from analysis. These excluded sessions were: Difficult 

odorant discrimination- Day 6 (1 mouse) and Day 7 (2 mice); Difficult odorants, passive 

exposure- Day 3 (1 mouse); Easy odorant discrimination- Day 7 (2 mice). Unless otherwise 

stated, all values are reported as mean ± SEM.  

 

Determining ROIs:  

Regions of Interest (ROIs) were manually drawn around mitral cells by using a custom 

MATLAB program on the average image of the first session. For each ROI, a 

background ROI was also manually drawn in a nearby area that was unoccupied by other 

labeled cells or neurites. For each subsequent day, each ROI was manually moved to 

accommodate small shifts and if any ROI was not visible in any of the imaging days, that 

ROI was excluded. Pixels values within each ROI were averaged to create fluorescence 

time series and values from the corresponding background ROI was subtracted. For each 

trial for each mitral cell, the time series was normalized to the average fluorescence value 

during the baseline period (5-sec period before odorant onset) to calculate dF/F. The total 

number of cells and animals imaged for each condition are: 731 cells and 10 mice 

(Difficult discrimination training); 736 cells and 11 mice (Difficult odors, passive 

exposure), 467 cells and 8 mice (Easy discrimination training), 479 cells and 8 mice 

(Easy odors, passive exposure). 
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Classifying responsive and divergent mitral cells:  

Responsive and divergent mitral cells were identified in each session using trial traces 

smoothed with the MATLAB  ‘smooth’ function with the time constant of 6 frames 

(~0.25 seconds). 

A mitral cell was classified as divergent if both the following two criteria were 

met: 

Criterion 1: dF/F is significantly different (p < 0.05) between odorant-1 and odorant-2 

trials in at least 75% of the time points within any 0.5 second window during the odorant 

period. P-value for each time point was calculated by Wilcoxon rank sum test between 

dF/F values for odorant 1 and odorant 2 trials. 

Criterion 2: The difference between trial-averaged dF/F of odorant-1 and odorant-2 trials 

exceeds 0.225 in at least one time point during the 0.5-sec window that meets the first 

criterion.  

A mitral cell was classified as responsive to a given odorant in a given session if 

one of the following two criteria were met:   

Criterion 1: The cell is classified as divergent as above. 

Criterion 2: Both of the following criteria are met: 

1. dF/F is significantly different (p < 0.05) from baseline in at least 75% of the time 

points (i.e. image frames) within any 0.5 second window during the odorant 

period. P-value for each time point was calculated by Wilcoxon rank sum test 

between dF/F at that time point from all trials of a given odorant and dF/F of all 

baseline frames from all trials.   
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2. The difference between trial-averaged and time-averaged baseline dF/F and trial-

averaged dF/F of a given time point exceeds 0.20 in at least one time frame during 

the 0.5-sec window that meets the first criterion.  

Based on these classification methods, the false discovery rate calculated by comparisons 

with shuffled data (Komiyama et al., 2010) was 0 % for the criterion 2 of responsive 

classification (0 / 2,704,800 cell-odorant-session pairs, calculated by shuffling time 

points within trials) and 0.33 % for divergent classification (420 / 1,352,400 cell-session 

pairs, calculated by shuffling trial labels). 

 

Calculating d-prime for divergent neurons: 

On each day, the sensitivity index, or d’ (Macmillan, N.A., & Creelman, 2005), for 

divergent neurons for each mouse was calculated. First, all trial traces were smoothed 

with the MATLAB  ‘smooth’ function with the time constant of 6 frames (~0.25 

seconds). If a cell was divergent on a given day, d’ was calculated for each time frame 

during the odorant period (0 to 4 seconds after odorant onset).  

   d’ =       
| 𝑚𝑒𝑎𝑛

𝑑𝐹

𝐹
  𝑜𝑑𝑜𝑟𝑎𝑛𝑡1−𝑚𝑒𝑎𝑛

𝑑𝐹

𝐹
 𝑜𝑑𝑜𝑟𝑎𝑛𝑡2   |

𝑝𝑜𝑜𝑙𝑒𝑑 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑜𝑑𝑜𝑟𝑎𝑛𝑡1 𝑎𝑛𝑑 2
  

Then, each divergent neuron was assigned the maximum d’ value of all frames during the 

odorant period, and the average of these maximum d’ values of divergent neurons for 

each mouse on each session was calculated and plotted in Figures 3.2F and 3.3F. 
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Decoder Analysis: 

For each mouse, decoder analysis was performed on 100 iterations. In each iteration, 16 

mitral cells used for the decoder were randomly drawn from a pool of all mitral cells that 

were classified as responsive in at least one session. The population size of n=16 cells 

was determined by the mouse with the lowest number of responsive mitral cells. 

Nearest-centroid decoder 

For the nearest-centroid classifier (Kato et al., 2012), the mitral cell population 

response in each trial was expressed as an activity vector, which was a concatenation of 

the time-averaged dF/F from the first and second 2-sec windows during the 4-sec odorant 

period of each mitral cell (16 neurons x 2 values per neuron = 32 dimensional vector). 

For each trial, centroids for odorant-1 and odorant-2 trials were calculated from all trial 

activity vectors excluding the trial being scored. The decoder assigned the trial in 

question the identity of the odorant with the closest centroid. For each iteration, the 

accuracy of the decoder was calculated as the prediction success rate of the decoder for 

all trials on each day. For each mouse, the daily accuracy was calculated by taking the 

average of the 100 iterations.  

We next assessed the contributions of individual variables to decoder accuracy. 

For each iteration, the distance between odor centroids was assessed by first calculating 

odor centroids, which are the population vectors created from the mean of all trial activity 

vectors belonging to each odorant in a session. Then the mean square distance was 

calculated as the square of the Euclidean distance between odor centroids, divided by the 

number of neurons in the activity vector. For each mouse, the daily mean square distance 

was calculated by averaging across 100 iterations.  
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The trial-to-trial variability for each odorant was assessed by calculating the total 

variance on each day. For each iteration, the total variance for each odorant on each day 

was calculated by summing the diagonal of the covariance matrix (summing the variance 

across each dimension of the activity vector). Mean daily total variance for each mouse 

and odorant was calculated by averaging across 100 iterations.  

The contributions of interneuronal correlations were assessed by disrupting noise 

correlations through the shuffling of trial responses independently for each neuron. 

Decoder accuracy was recalculated using activity vectors reconstructed from these 

shuffled responses for 100 iterations of shuffling. The change in decoder accuracy after 

disrupting noise correlation was calculated for each mouse in each session by subtracting 

the original decoder accuracy (without shuffling) from the decoder accuracy after 

shuffling. Wilcoxon signed rank test was performed, for each condition, on the dataset of 

concatenated mouse-day pairs of decoder accuracy values for before and after trial 

shuffling.  

 To assess how distributed odorant identity information is across mitral cells, the 

decoder analysis was repeated after removing subsets of 16 neurons. Decoder accuracy 

was calculated after removing one additional neuron in each iteration in the descending 

order of their contribution to decoder accuracy (i.e. the drop in decoder accuracy after 

removal). 100 iterations were performed for each mouse, where different 16-neuron 

populations were resampled for each iteration. Average scores were calculated for each 

mouse by averaging across iterations.  
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Linear discriminant analysis 

 For the linear discriminant analysis (LDA)-based classifier, the mitral cell 

population response in each trial used the same trial activity vectors as in the nearest-

centroid decoder (see above). The linear classification was performed using the 

MATLAB function classify. For each day, the classifier went through each trial as the test 

set, using the other remaining trials as the training set. The accuracy of the decoder was 

calculated as the prediction success rate of the decoder for all trials on each day. For each 

mouse, the daily accuracy was calculated by taking the average score of the 100 iterations 

of randomly selected subsets of 16 cells.  

The contributions of interneuronal correlations for LDA were assessed in the 

same way as in nearest-centroid decoder, by the shuffling of trial responses 

independently for each neuron. The change in decoder accuracy after disrupting noise 

correlation was calculated for each mouse in each session by subtracting the original 

decoder accuracy (without shuffling) from the decoder accuracy after 100 iterations of 

shuffling. 

Support Vector Machine 

For the support vector machine (SVM)-based classifier, the mitral cell population 

response in each trial used the same trial activity vectors as in the nearest-centroid 

classifier (see above). The classification was performed using the MATLAB’s svmtrain 

function. The classifier went through each single trial as the test set, using the other 

remaining trials as the training data set. The accuracy of the decoder was calculated as the 

prediction success rate of the decoder for all trials on each day. For each mouse, the daily 
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accuracy was calculated by taking the average of the 100 iterations of randomly selected 

subsets of 16 cells.  

The contributions of interneuronal correlations for SVM were assessed in the 

same way as in nearest-centroid decoder, with 10 iterations of shuffling. 

Principal Component Analysis:  

For individual mice, principal component analysis was performed on a matrix made by 

concatenating all trial response vectors (defined as above, using all mitral cells that are 

classified as responsive in at least one session) from Day 1 and Day 7. For pooling across 

mice, a matrix of trial response vectors was created for each mouse using the first n trials. 

A pooled response vector was then created by concatenating across animals. The number 

of trials n, determined by the session with the lowest number of trials for a single odorant, 

was 31 for easy discrimination and 29 for difficult discrimination. 

Calculating Correlation Coefficients: 

To calculate correlation coefficients for each day, a mitral cell population response vector 

was constructed for each trial by concatenating the time-averaged dF/F from the first and 

second 2-sec windows during the 4-sec odorant period of each mitral cell. Correlation 

coefficient between response vectors for each pair of trials was calculated using the 

MATLAB function corrcoef. Averages of trial pairs from two different odorants and 

same odorants were used as the inter-odorant and intra-odorant correlation coefficient for 

each mouse, respectively.  
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