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Chapter 1

Functional Organization of the Olfactory System



The olfactory system must be able to identify and discriminate thousands
of odorants within an animal’s environment. These odorants are important in all
aspects of survival including communication, mate recognition, reproduction,
navigation, detection of predators, and localization of food sources. It is essential
that an animal not only be able to learn and remember significant odors, but also
be able to learn new odors as new situations arise.

Olfactory Epithelium

In general, odorants are small, volatile, lipophilic molecules weighing less
than 300 daltons (Turin and Yoshii, 2003). Perception of olfactory stimuli begins
with the binding of odorant molecules to olfactory receptor (OR) proteins located
on olfactory sensory neuron (OSN) dendrites within the nasal epithelium. The
olfactory epithelium is coated with mucus that is believed to facilitate recognition
of odorant molecules by receptor neurons. For example, odorant-binding
proteins within the mucus and are thought to participate in odorant-receptor
binding and, potentially, odorant removal (Buck, 1996).

Olfactory sensory neurons each project a single apical dendrite to the
epithelial surface where it extends several non-motile cilia (Getchell, 1986).
Located on the surface of each cilium are 7-transmembrane G protein-coupled
receptor molecules (Pace et al., 1985). Each OSN expresses only one of a large
multi-gene family of receptors throughout their cilia (Buck and Axel, 1991; Treloar
et al., 1996; Malnic et al., 1999; Touhara et al., 1999; Serizawa et al., 2000;

Bozza et al., 2002), although see (Mombaerts, 2004; Goldman et al., 2005).



Interestingly, the OR gene family comprises the largest gene family with over
1,000 of the total 30,000 genes in mammals (Mombaerts, 1999).

Olfactory signal transduction begins when odorant molecules bind to the
G-protein-coupled receptors on the cilia (Pace et al., 1985; Malnic et al., 1999).
The binding of odorant molecules to olfactory receptors initiates several chemical
cascades within the receptor neurons that generate excitatory responses
(Getchell and Shepherd, 1978b; Firestein and Werblin, 1989), although odor-
induced inhibitory potentials have also been reported (Dionne, 1992). In general,
odorant-receptor binding is thought to increase intracellular cAMP levels, which
in turn, causes opening of cyclic nucleotide-gated channels that result in cell
depolarization (Getchell and Shepherd, 1978a; Pace et al., 1985; Brunet et al.,
1996). Other odorant-evoked pathways have also been discovered including
increased production of |P3; (Breer and Boekhoff, 1991; Schandar et al., 1998)
and cGMP (Nakamura and Gold, 1987), although it is unclear how these
pathways contribute to receptor responses.

There appears to be a distinct topographical pattern of OR gene
expression within the olfactory epithelium. In situ hybridization studies in rodents
have revealed that OSNs expressing the same OR gene are all located within
one distinct zone (Ressler et al., 1993; Vassar et al., 1993; Sullivan et al., 1995).
However, within each of the four zones, the pattern of OR gene expression is
seemingly random. This zonal patterning is apparent as soon as OR gene
expression can be detected during embryogenesis and does not require the

olfactory bulb (Sullivan et al., 1995).



Olfactory receptor neurons respond to overlapping sets of odorants with
individual odorants capable of activating more than one receptor type (Sicard and
Holley, 1984; Sato et al., 1994; Araneda et al., 2000; Kajiya et al., 2001; Bozza et
al., 2002; Duchamp-Viret et al., 2003). Thus, different odors are encoded at the
receptor sheet level by different groups of receptor neurons (Malnic et al., 1999;
Bozza et al., 2002; Duchamp-Viret et al., 2003). Olfactory receptor neurons then
transmit this code to the olfactory bulb where their axons synapse with bulbar
output neurons in spherical regions known as glomeruli.

Olfactory Bulb

The zonal compartmentalization seen in the epithelium is then projected
onto the olfactory bulb glomerular layer as OSNs in each zone project their axons
to corresponding zones in the olfactory bulb (Fujita et al., 1985; Mori et al., 1985;
Vassar et al., 1994). Sensory neurons expressing homologous OR genes project
their axons to a small subset of specific glomeruli in the olfactory bulb (Ressler et
al., 1994; Vassar et al., 1994; Mombaerts et al., 1996; Bozza and Kauer, 1998;
Tsuboi, 1999; Treloar et al.,, 2002), although there is some evidence that
glomeruli receive inputs from receptor neurons expressing different receptor
types (Treloar et al., 1996). Glomeruli with similar RFs are clustered in the same
region of the bulb (Uchida et al., 2000; Inaki et al., 2002) with OSNs expressing
the same OR gene projecting to two glomeruli, one on the medial side and one
on the lateral side of each bulb (Nagao et al., 2000). Thus, each glomerulus
serves as an independent functional unit conveying the receptive field (molecular

receptive range) of the receptor neurons that innervate it. Based on this,



exposure to a specific odorant would stimulate a specific subset of receptor
neurons, which in turn, would activate a group of glomeruli forming a specific
spatial pattern of glomerular activity in the olfactory bulb for that odor based upon
the odorant’s molecular features (Sharp et al., 1975; Stewart et al., 1979; Guthrie
et al., 1993; Friedrich and Korsching, 1997; Rubin and Katz, 1999; Uchida et al.,
2000; Xu et al., 2000; Meister and Bonhoeffer, 2001; Spors and Grinvald, 2002;
Leon and Johnson, 2003; Bozza et al., 2004).

The glomeruli themselves are made up of an array of OSN axon terminals,
output neuron dendrites, and dendrites from various interneurons encased in an
astrocyte shell. Anatomical studies have shown a highly compartmental
organization within each glomerulus. Based upon OSN axon input, two regions
can be identified, one region containing many OSN axon terminals, and another
with relatively few OSN axons (Kosaka et al., 1997; Kasowski et al., 1999). The
glomeruli of the olfactory bulb appear morphologically similar to glomeruli found
in other brain regions such as the thalamus (Pinching and Powell, 1971a).

Several types of interneurons are found among the glomeruli, most
notably are periglomerular cells (PG), external tufted cells (ET), and short axon
cells (SA). Periglomerular cells are small cells that extend dendrites into single
glomeruli (Pinching and Powell, 1971a, b; Shepherd et al., 2004). Different PG
subtypes have been identified based on dendritic compartmentalization within
glomeruli. For example, a majority of PG cells extend their dendrites into
glomerular compartments lacking OSN axon terminals, suggesting that they do

not receive input directly from OSNs and mostly likely are associated with output



neurons (Toida et al., 1998; Hayar et al., 2004a). PG cells can also be
distinguished based on neurotransmitter production, with both dopaminergic
(Halasz et al., 1977; Davis and Macrides, 1982; McLean and Shipley, 1988) and
GABAergic (Ribak et al., 1977) cells identified. GABAg receptors are found only
in the glomerular layer of the olfactory bulb (Bowery et al., 1987) and GABAg
agonists have been shown to inhibit mitral cell responses to OSN stimulation
(Nickell et al., 1994; Aroniadou-Anderjaska et al., 2000). D, receptors are
expressed in the glomerular layer, presumably on OSN axons (Nickell et al.,
1991; Koster et al., 1999). D, agonists block olfactory nerve excitation of mitral
cells, while D, antagonists increase mitral cell responsiveness (Ennis et al.,
2001). Thus, two distinct populations of PG cells appear to serve different roles
in glomerular inhibition, one providing presynaptic inhibition of incoming OSN
activity via the D, system the other providing inhibition at the mitral cell level via
GABAg receptor activation.

Another cell type found in the glomerular layer is the external tufted cell.
These cells are located within or immediately deep to the glomerular layer and
project their primary dendrites into the glomeruli (Pinching and Powell, 1971a, b,
c). ET cells extend a primary dendrite that diverges exclusively in single
glomeruli (Aungst et al., 2003; Hayar et al., 2004a). Within each glomeruls, ET
cell dendrites receive excitatory monosynaptic input from OSN axons (Hayar et
al., 2004a; Hayar et al.,, 2004b) as well as form reciprocal synapses with PG
dendrites similar to those seen between mitral and granule cells (Pinching and

Powell, 1971b). Unlike deeper tufted cells, ET cells lack secondary dendrites and



restrict their primary axon to only part of the glomerulus (Pinching and Powell,
1971b). ET cell axons extend throughout the periglomerular region, giving off
collaterals that extend onto neighboring PG and SA cells (Pinching and Powell,
1971a, b, c; Aungst et al., 2003; Hayar et al., 2004a).

The last major cell type found in the glomerular layer is the short axon cell.
In contrast to PG cells, SA cells form excitatory interglomerular connections and
are thought to be glutamatergic (Aungst et al., 2003). SA cells extend dendrites
into neighboring glomeruli, while projecting axons to glomeruli up to 1 mm (15-18
glomeruli) away (Pinching and Powell, 1971a, b, c¢; Aungst et al., 2003).
Together, the short axon cells, external tufted cells, and periglomerular cells form
a circuit of lateral inhibition within the glomerular layer (Aungst et al., 2003; Hayar
et al., 2004a). When excited by presynaptic input into their corresponding
glomeruli, the ET cells would then excite the SA and PG cells associated with
neighboring glomeruli, thus forming an on-center, off-surround network (Aungst
et al.,, 2003; Hayar et al., 2004a). Based on this, the glomeruli receiving the
strongest OSN input would inhibit the output of neighboring glomeruli; thus
forming the first stage of processing of odorant information within the olfactory
bulb.

This pattern of afferent input is then transferred to the main output cells
of the olfactory bulb, the mitral cells. Mitral cells have a primary dendrite that
extends apically and arborizes inside specific glomeruli where it synapses with
receptor neuron axons (Price and Powell, 1970b; Pinching and Powell, 1971a).

In mammals, mature mitral cells send a primary dendrite into a single glomerulus



(Lin et al., 2000; Matsutani and Yamamoto, 2000). Secondary dendrites of the
mitral cells extend laterally through the layer deep to the glomeruli, the external
plexiform layer (EPL), forming dendrodendritic reciprocal synapses with smaller
axonless interneurons known as granule cells (Price and Powell, 1970e; Mori et
al., 1983; Orona et al., 1984; Shepherd et al., 2004). Mitral cell lateral dendrites
can extend as far as 1mm across the bulb (Mori et al., 1983; Orona et al., 1984).
Mitral cells extend their axons deep into the olfactory bulb where they come
together to form the lateral olfactory tract (LOT), which terminates in the olfactory
cortex (Shepherd et al., 2004). In addition to forming the LOT, mitral cell axons
also give rise to thin collaterals that terminate in the granule cell layer as well as
the layer immediately deep to the mitral cell layer, the internal plexiform layer
(IPL) (Kishi et al., 1984; Orona et al., 1984). Mitral cells are glutamatergic; they
release glutamate from their axon terminals in the olfactory cortex as well as from
their lateral dendrites (Wellis and Kauer, 1993; Isaacson and Strowbridge, 1998;
Wada et al., 1998).

Tufted cells similar to those found in the glomerular layer can also be
found in the external plexiform layer. These cells are generally divided into two
types: internal tufted and middle tufted cells (Shepherd et al., 2004). These cells
extend a single apical dendrite into their associated glomerulus as well as having
lateral dendrites that extend across the EPL. Internal tufted cells are located at
the EPL-mitral cell layer border and are morphologically similar to mitral cells.
Most tufted cells are located in the middle of the EPL and are considered middle

tufted cells. Middle tufted cell axons extend through the IPL and join the LOT



where they travel to the anterior olfactory cortex, anterior piriform cortex, and the
olfactory tubercle (Haberly and Price, 1977; Schoenfeld et al., 1985).

A population of tufted cells also forms an associational system within the
bulb where it links lateral and medial glomerular columns on opposite sides of the
bulb that receive input from OSNs expressing the same odorant receptor
(Schoenfeld et al., 1985; Liu and Shipley, 1994; Belluscio et al., 2002). The
tufted cells associated with one glomerulus project axons that terminate on the
dendrites of granule cells associated with the opposite glomerulus (Liu and
Shipley, 1994; Belluscio et al., 2002).

Besides differences in location, physiological differences between tufted
and mitral cells have been observed. For example, tufted cells show lower
excitation thresholds to olfactory nerve stimulation (Schneider and Scott, 1983)
as well as less lateral inhibition (Christie et al., 2001; Nagayama et al., 2004).
Middle tufted cells and mitral cells also receive inhibitory input from distinct
subsets of interneurons (Mori et al., 1983; Orona et al., 1983; Macrides et al.,
1985; Greer, 1987). In addition, tufted cells respond to odorants with higher firing
rates than mitral cells (Nagayama et al., 2004). These anatomical and
physiological differences suggests that mitral and tufted cells may serve different
functions and possibly contribute to different aspects of the olfactory code
(Macrides et al., 1985; Nagayama et al., 2004; Shepherd et al., 2004).

Immediately deep to the mitral cell layer is the thin internal plexiform layer
(IPL), which is relatively low in cell density. This layer is made up of mitral/tufted

cell axons and granule cell dendrites. Axons from neuromodulatory regions such



as the raphe nucleus (serotonin) (McLean and Shipley, 1987), the locus
coeruleus (norepinephrine) (Shipley et al., 1985), and HDB (acetylcholine)
(Zaborszky et al., 1986) also terminate in the IPL.

Below the IPL is a layer of GABAergic neurons known as the granule cell
layer (GCL) (Shepherd et al., 2004). Granule cells (GCs) are relatively small,
axonless interneurons that are grouped together in small horizontal clusters. The
primary dendrites of the GCs extend into the EPL where they branch out and
form reciprocal synapses with the secondary dendrites of mitral and tufted cells
(Price and Powell, 1970e). Neighboring GCs are thought to be electrically
coupled through gap junctions that could serve to synchronize GC activity
(Reyher et al.,, 1991). GCs respond to antidromic activation of mitral cells,
stimulation of the ONL, as well as odor stimulation (Mori and Kishi, 1982; Wellis
and Scott, 1990).

Different classes of GCs can be distinguished based on soma location and
dendritic synapses. Superficial GC dendrites extend into the superficial EPL and
synapses mainly with tufted cell dendrites (Mori et al., 1983; Orona et al., 1983;
Greer, 1987). Deep GC dendrites only extend into the deeper parts of the EPL
and synapse with mitral cell dendrites (Mori and Kishi, 1982; Orona et al., 1983).
Another population, the intermediate GCs, have dendrites that ramify into all
parts of the EPL (Shepherd et al., 2004).

Centrifugal inputs from olfactory cortical areas also terminate in the
granule cell layer. Different subsets of fibers from the AOC project to the

superficial and deep parts of the GCL (De Olmos et al., 1978; Haberly and Price,
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1978b; Davis and Macrides, 1981; Luskin and Price, 1983a; Shipley and
Adamek, 1984). Taken together, the segregation of tufted and mitral cell targets,
centrifugal specificity, and the laminar distribution of GCs suggests mitral and
tufted cells interact with different GC populations, which further supports the idea
that the olfactory bulb uses two, possibly independent, parallel odor coding
pathways (Orona et al., 1983; Nagayama et al., 2004).

Projections from the PC also terminate in the GCL, with more posterior
parts of PC projecting to progressively to deeper regions of the GCL (Rall and
Shepherd, 1968; Price and Powell, 1970a; Mori and Takagi, 1978; Jahr and
Nicoll, 1982). These projections are thought to be excitatory (Nakashima et al.,
1978; Davis and Macrides, 1981; Luskin and Price, 1983b) and could elicit
granule cells to inhibit mitral cell activity. This centrifugal feedback allows for an
inhibitory mechanism from cortical regions in addition to the feedforward
inhibition and lateral inhibition of mitral cell activity present in the bulb. It is
hypothesized that these local interactions aid in the bulb’s ability to spatially and
possibly temporally encode odors.

Mitral-Granule Cell Interactions

In the EPL, more than 80% of all synapses are involved in reciprocal
connections (Shepherd et al., 2004). A majority of these synapses are between
the lateral dendrites of mitral/tufted cells and the spines (gemmules) on granule
cell dendrites (Rall et al., 1966; Rall and Shepherd, 1968). Interestingly, this

synapse was the first dendrodendritic synapse identified in the nervous system.
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Early microscopy and electrophysiological experiments revealed that
mitral/tufted (M/T) cell dendrites form type 1 (excitatory) synapses onto granule
cell dendrites, while granule cell dendrites form type 2 (inhibitory) synapses onto
M/T cell dendrites (Rall et al., 1966; Price and Powell, 1970d; Jahr and Nicoll,
1982; Schneider and Scott, 1983). In this circuit, the output from the OSN is
conveyed by action potentials to the M/T cell soma and then back-propagated
into the apical as well as lateral dendrites (Bischofberger and Jonas, 1997; Chen
et al., 1997; Margrie et al., 2001; Chen et al., 2002; Christie and Westbrook,
2003). This activity is sufficient to stimulate glutamate release from the lateral
dendrites onto granule cell spines (Jahr and Nicoll, 1982; lIsaacson and
Strowbridge, 1998; Schoppa et al., 1998). Glutamate would then stimulate GCs
to release GABA back onto M/T cells, causing inhibition (Rall et al., 1966; Jahr
and Nicoll, 1980; Nowycky et al., 1981; Isaacson and Strowbridge, 1998). The
extent of this inhibition is dependent upon distance from the M/T cell soma. For
example, proximal GABA release inhibits AP firing by blocking somatic currents,
while distal GABA release can block AP back-propagation through the lateral
dendrites (Lowe, 2002; Xiong and Chen, 2002).

The M/T-GC synaptic interactions give rise to several different
mechanisms of altering mitral cell output. First, granule cells can mediate
mitral/tufted cell feedback inhibition. In this situation, a single M/T cell activates
GC spines associated with its own dendrites leading to GABA release from the
GC back onto the same M/T cell (Nowycky et al., 1981; Jahr and Nicoll, 1982;

Isaacson and Strowbridge, 1998). This self-inhibition can be blocked with NMDA
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receptor antagonists suggesting that M/T self-inhibition is mediated through
NMDA receptors in GC spines (Isaacson and Strowbridge, 1998; Schoppa et al.,
1998; Chen et al., 2000; Halabisky et al., 2000). However, evidence of non-
NMDA receptor-mediated feedback inhibition of M/T cells (Wellis and Kauer,
1993; lIsaacson and Strowbridge, 1998; Isaacson, 2001) suggests multiple
pathways for GC cell feedback inhibition of M/T cells.

Second, GCs could induce M/T cell local lateral inhibition. In this case,
M/T cells could strongly activate GC spines leading to a spread of depolarization
to neighboring GC spines associated with other nearby mitral cells. (Jahr and
Nicoll, 1982; Woolf et al., 1991; Isaacson and Strowbridge, 1998; Egger et al.,
2003). Additionally, these reciprocal synapses could mediate a more global form
lateral inhibition. In this case, strongly activated GCs could fire action potentials
that could propagate throughout their dendritic trees, thus releasing GABA onto
all the associated M/T cells (Chen et al., 2000; Egger et al., 2003). Based on
mitral and granule cell dendritic lengths, it is possible that each granule cell could
synapse with several mitral cells from many glomeruli covering a wide region of
the bulb. Thus, this lateral and global inhibition could be important in reducing
signal to noise ratios and sharpening M/T cell tuning specificity, which would
serve to enhance the ability of the olfactory bulb to process and discriminate
odors (Rall et al., 1966; Mori et al., 1999).

Another consequence of M/T-GC reciprocal synaptic interactions is the
generation of oscillatory activity. Both odor-induced and intrinsic oscillations are

seen in the olfactory bulb (Adrian, 1950; Freeman, 1972; Neville and Haberly,
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2003; Lagier et al., 2004; Fletcher et al., 2005) and these oscillations have been
proposed to be important in olfactory bulb odor coding (Laurent et al., 2001).
Theoretical models and experimental studies suggest that gamma (35-100 HZ)
band oscillations are generated by the negative feedback loop between M/T cells
and GCs (Rall and Shepherd, 1968; Eeckman and Freeman, 1990; Kashiwadani
et al., 1999; Neville and Haberly, 2003; Lagier et al., 2004). Further support for
this idea comes from recent studies showing that GABAA receptor antagonists in
the EPL effectively block LFP gamma oscillatory activity (Lagier et al., 2004).

Although current source density analysis has suggested that gamma
frequency oscillations are generated mainly by granule cell synaptic currents
(Buonviso et al., 2003; Neville and Haberly, 2003), other cellular events could
potentially contribute. For example, M/T cells can exhibit 20-40 Hz subthreshold
oscillations that persists even in the presence of GABA antagonists (Chen and
Shepherd, 1997; Heyward et al., 2001). M/T cell action potentials, when in
phase with the LFP, tend to occur in the descending phase of the oscillation and
GC action potentials show no phase relationship to the LFP suggesting they do
not contribute to the LFP as much as synaptic potentials and subthreshold
membrane oscillations (Freeman, 1968; Kashiwadani et al., 1999; Laurent et al.,
2001; Lagier et al., 2004).

Processing of Molecular Information in the Olfactory Bulb

A central goal in the study of olfaction is to determine how a molecule or

group of molecules leads to an odor percept. Thus, the olfactory system must

transform odorant information into a spatiotemporal pattern of neural activity that
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can be transferred throughout. The OSNs in the epithelium along with the
olfactory bulb are thought to act as a feature detection system. In this way,
odorants would be encoded at the receptor sheet as a collection of features
represented by different patterns of OSN activity.

Since OSNs expressing the same receptor proteins all converge onto one,
or a small group of specific glomeruli in the olfactory bulb, the pattern of odor-
induced presynaptic activity seen in the glomerular layer would represent the
subset of receptor neurons activated by the odorant. This pattern of activity is
not simply reiterated onto the cortex by the mitral/tufted cells, but rather, recent
data suggest a two-stage system by which afferent information is further
enhanced through mechanisms such as feedback and lateral inhibition at both
the glomerular and mitral cell level. For example, as discussed above, center-
surround lateral inhibition can occur among glomeruli in the olfactory bulb
through the short axon cell-periglomerular cell circuit (Aroniadou-Anderjaska et
al., 1997; Wachowiak and Cohen, 1999; Aroniadou-Anderjaska et al., 2000;
Aungst et al., 2003). This level of processing provides both presynaptic and
postsynaptic inhibition within glomeruli (Wellis et al., 1989; Imamura et al., 1992;
Katoh et al., 1993). Based on this, patterns of afferent activity could be shaped
by inhibitory interactions to help reduce overlap between similar odor-evoked
patterns of glomerular activity.

The next stage of processing involves granule cell inhibition of mitral/tufted
cell activity. Mitral/tufted cells appear to have overlapping but individually distinct

odorant receptive fields (molecular receptive ranges) with individual mitral cells
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responding to different odor classes or features. Lateral inhibition of neighbor
mitral cell activity via dendrodendritic reciprocal synapses could aid in fine-tuning
individual olfactory bulb responses to specific odors. Since mitral cells that are
excited by a group of similar molecular features might all be activated to varying
degrees, lateral inhibition ensures that only the mitral cells encoding the specific
features of the odor are sending on the information and not mitral cells excited by
receptor neurons with similar molecular specificity. Recent evidence supports
this idea with the discovery of center-surround-like inhibition of mitral cell activity
(Luo and Katz, 2001). In this case, activation of a mitral cell’'s principal
glomerulus leads to that mitral cell’s activation, while activation of surrounding
glomeruli leads to inhibition.

Thus, this two-stage processing and the resulting lateral inhibition could
potentially transform the odor map seen at the glomerular level into a new map of
odor identity at the mitral cell level. This refined map would be conveyed on to
the higher olfactory centers. In this way, at each stage of odor processing from
epithelium to cortex, the spatiotemporal map for a given odorant could be fined
tuned to reduce representational overlap and contribute to the ability of the
olfactory system to identify and discriminate odors.

In addition to spatial patterns, temporal activity patterns could also play a
role in the processing of molecular information. In pulmonates, afferent input is
not static, but oscillates with respiratory cycle. Thus, respiratory rhythm
oscillations, odor-evoked high-frequency oscillations, and intrinsic oscillations

,fogether with specific spatially activated glomerular patterns could serve to
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create temporally as well as spatially dynamic map of activity in the olfactory
bulb. For example, high temporal resolution voltage-sensitive dye imaging of
odor-evoked glomerular activity has shown olfactory bulb activity phase locking
to the nasal respiration cycle as well as sequential activation of glomerular units
during odor stimulation (Spors & Grinvald, 2002). Additionally, both single-unit
and intracellular recordings from mitral cells have shown complex temporal odor-
evoked responses (Chaput and Holley, 1985; Wellis et al., 1989; Wellis and
Scott, 1990; Philpot et al., 1997). Taken together, these results suggest a
dynamic olfactory bulb odor coding mechanism in which changing patterns of
spatially active glomeruli would serve as the basis of the early olfactory code.
Olfactory Bulb Oscillations

Both odor-induced and spontaneous LFP oscillations have been reported
in a variety of vertebrates, yet their exact relationship to olfactory odor coding is
yet to be fully understood (Adrian, 1938; Adrian, 1942; Adrian, 1950; Bressler
and Freeman, 1980; Satou, 1990; Neville and Haberly, 2003; Fletcher et al.,
2005). Three main olfactory system oscillatory frequencies have been
identified: theta (3-12 Hz), beta (15-40 Hz), and gamma (35-100 Hz). Theta
frequency oscillations are highly coupled to respiration and have been found in
the olfactory bulb and hippocampus during sniffing, suggesting they may play a
role synchronizing associated brain areas during odor investigation and learning
(Ravel and Pager, 1990; Kay and Laurent, 1999; Spors and Grinvald, 2002).

High frequency oscillations are thought to reflect synchronous activation of

olfactory bulb cells. Based on this, it has been suggested that odor coding would
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be dependent on the precise synchronization of dynamic assemblies of
coincident mitral cell firing as reflected by increased odor-evoked gamma
oscillations (Laurent, 2002). Interestingly, this spike timing-dependent theory of
odor coding is based mostly on work done in the insect olfactory system, which is
anatomically and physiologically distinct from the mammalian olfactory system
(Laurent, 2002). Evidence for this theory comes from experiments in which
altered olfactory oscillations affected odor discrimination (Laurent and
Davidowitz, 1994; Stopfer et al., 1997; Friedrich and Laurent, 2001). For
example, in honeybees, desynchronization of projection neuron ensembles by
the application of the GABA antagonist picrotoxin leads to impaired
discrimination of molecularly similar odorants, but not dissimilar odorants (Stopfer
et al., 1997).

Despite the insect models, evidence for this mechanism in vertebrates,
especially mammals, is quite sparse. For example, a recent study using GABAa
receptor B3 subunit deficient mice suggested that gamma frequency oscillations
are critical for odor discrimination in that disruption of the normal network
oscillations lead to altered behavioral acuity (Nusser et al., 2001). These mice
lack functional GABAA receptors on granule cells, and as a result, display
increased local field potential oscillatory power. These results however, are
somewhat difficult to interpret as the B3 subunit deficient mice displayed
increased oscillatory activity with inconsistent discriminatory ability as compared

to the wildtype controls.
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However, studies in awake mammals have shown olfactory bulb gamma
response patterns are modulated more by behavioral context of the odorant than
the odorant itself (Freeman and Schneider, 1982; Gray and Skinner, 1988; Ravel
et al.,, 2003). For animals highly trained in odor discrimination tasks, gamma
oscillatory activity increases prior to odor sampling, suggesting potential top-
down influences on attention and thus gamma band activity (Ravel et al., 2003).

Beta band activity however, seems to be modulated in a more odor-
specific way (Kay and Laurent, 1999; Ravel et al., 2003). Odor learning is
associated with an increase in the amplitude and duration of the odor-induced
beta band oscillations (Ravel et al., 2003). Considering that LFP oscillatory
activity reflects activation of olfactory bulb output cells, increased oscillatory
power could be due to either tighter, more precise synchronization of mitral cell
firing or to an increased number of recruited neurons. Although data from the
locust olfactory system suggests increased synchrony (Laurent, 2002), recent
evidence focusing on experienced induced changes of mitral cell odor responses
suggest that experience (learning) causes a shift in mitral cell responses toward
the experienced odor (Fletcher and Wilson, 2003). These data suggests that the
increased beta band activity seen after learning could be due to a learning-
induced shift in mitral cell receptive fields such that many cells show increased
responsiveness to the experienced odor, thereby causing an increase in the
number of cells activated by that odor and thus, increased LFP oscillations.

Olfactory Cortex
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Olfactory cortex has been defined as those areas receiving direct synaptic
input from the olfactory bulb (Price, 1973). These areas include the anterior
olfactory cortex, medial olfactory cortex, olfactory tubercle, piriform cortex,
portions of the amygdala, and the entorhinal cortex (Haberly, 2001). In addition
to the olfactory cortex many other brain areas are involved in odor processing
and memory. Physiological and behavioral studies have offered insight into
several secondary olfactory structures critically involved in olfactory related tasks.
Theses areas include, but are not limited to, orbitfrontal cortex, amygdala,
hypothalamus, mediodorsal nucleus of the thalamus, and prefrontal cortices.

Several features make the olfactory cortex distinct from other sensory
cortical areas. First, the olfactory cortex has a much simpler laminar
organization. In general, it contains only three layers as opposed to the six
layers seen in neocortex. Another striking feature of the olfactory cortex is that
there is no thalamic relay between receptor input and the cortex. In other
sensory systems, thalamocortical relays can refine sensory input prior to its
arrival in the cortex (Sherman, 1993). Despite these differences, the olfactory
cortex remains similar to other sensory cortical areas in cell type, synaptic
physiology, and local circuitry. For example, as in other thalamocortical systems
there is a heavy feedback projection from olfactory cortex onto the olfactory bulb
(Price and Powell, 1970c; Luskin and Price, 1983a; Neville and Haberly, 2004).

Anterior Olfactory Cortex
Immediately caudal to the main olfactory bulb is the first structure of the

olfactory cortex, the anterior olfactory nucleus (AON). The AON was originally
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considered a nucleus, but it is actually a laminated cortical structure made up of
pyramidal cells (Herrick, 1924; Haberly and Price, 1978a). Based on this,
Haberly has suggested that the AON be renamed the anterior olfactory cortex
(AOC) (Haberly, 2001; Neville and Haberly, 2004). The AOC receives direct
input from both mitral and tufted cells of the OB (Haberly and Price, 1977;
Schoenfeld and Macrides, 1984; Scott et al., 1985) as well as input from other
olfactory related areas such as piriform cortex, entorhinal cortex, amygdala, and
hippocampus (Luskin and Price, 1983a, b; Van Groen and Wyss, 1990). In
addition, the AOC receives modulatory input from the raphe nuclei, the locus
coeruleus, and the nucleus of the diagonal band (De Carlos et al., 1989; McLean
and Shipley, 1991; Shipley and Ennis, 1996). The output of the AOC projects
mainly to the ipsilateral and contralateral olfactory bulbs, but projections to other
olfactory areas such as the piriform cortex have been identified (De Olmos et al.,
1978; Davis and Macrides, 1981; Luskin and Price, 1983a).

The AOC consists of four major subdivisions based upon their terminal
fields within the olfactory bulb. The lateral, posterior, ventral, and dorsal
subdivisions of the AOC project bilaterally to the deep glomerular layer as well as
the superficial portion of the granule cell layer (Davis and Macrides, 1981; Luskin
and Price, 1983a). These lateral and dorsal subdivisions also project to the
contralateral bulb where they terminate within the granule cell layer only (Davis
and Macrides, 1981). The medial subdivision projects to the granule cell layer of
the ipsilateral bulb, while the external subdivision projects mainly to the

contralateral bulb (Davis and Macrides, 1981; Shipley and Adamek, 1984).
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The different subdivisions of the AOC may serve different roles in olfactory
coding. For example, the external subdivision, the pars externa (AOCpE), is
thought to be an integral part of an intrabulbar association system similar to the
subpopulation of tufted cells that project directly to the contralateral bulb. In this
case, the axons from the external subdivision cross the midline and project to the
contralateral bulb via the anterior commissure (Davis and Macrides, 1981;
Schoenfeld and Macrides, 1984). The centrifugal fibers terminate within the
olfactory bulb with some degree of rostro-caudal topographical organization
(Schoenfeld and Macrides, 1984), suggesting that the external subdivision of the
AOC may link glomerular columns of similar specificity between the two bulbs. In
this way, the AOCpE may ensure the pattern of odor-evoked activity is similar
between the two bulbs.

The ipsilateral projections from the other AOC subdivisions also show
some topographical organization. In this case however, the organization is more
radially oriented (Luskin and Price, 1983a). Fibers from the pars medialis of the
AOC project to the deep half of the GCL, while fibers from the rest of the AOC
project to the superficial GCL (De Olmos et al., 1978; Haberly and Price, 1978b;
Davis and Macrides, 1981; Luskin and Price, 1983a; Shipley and Adamek, 1984).
This anatomical evidence suggests that there are potentially two, parallel
pathways for odor coding within the olfactory system. One pathway (mitral cells)
may be more concerned with odor feature discrimination, while the other pathway
(tufted cells) could focus on odor intensity/detection. In support of this,

recordings from mitral cells suggest they are better at discriminating odorants
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than AOC cells (Boulet et al., 1978). In addition, middle tufted cells, which
project to primarily to the AOC, tend to show less inhibition to related odorants
and lower thresholds for spike responses (Scott et al., 1980; Schneider and
Scott, 1983; Scott et al., 1985; Nagayama et al., 2004).

In addition to centrifugal input to the bulb, AOC axons also project to
anterior piriform cortex. As with input to the bulb, there seems to be some loose
topographical organization (Luskin and Price, 1983a). In this case, the more
ventromedial parts of the AOC project to the ventromedial portion of anterior
piriform cortex, while the more dorsolateral parts of the AOC project more
dorsolaterally (Haberly and Price, 1978a; Luskin and Price, 1983a).

Piriform Cortex

As the AOC extends caudally and laterally, it transitions into piriform
cortex (PC). Piriform cortex extends ventrolaterally along the entire length of the
LOT. The piriform cortex consists of three cellular layers and is less complex
than the six-layered neocortex (Haberly and Price, 1978b). The PC is divided
into two regions: the anterior piriform cortex (APC) and the posterior piriform
cortex (PPC). APC and PPC can be distinguished by the termination of the LOT,
with PPC extending caudally beyond the myelinated fibers (Neville and Haberly,
2004).

The most superficial plexiform layer, layer |, consists mainly of dendrites
and axons, with a few neurons. It is divided into two subdivisions, la and Ib.
Layer la consists of M/T cell axons that branch off from the LOT into many

smaller collaterals that spread tangentially across the layer (Price, 1973; Haberly
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and Price, 1977). While layer la receives afferents from the LOT, layer Ib
receives input mainly from association fibers from the PC as well as other areas
of olfactory cortex (Price, 1973).

Layer Il is a tightly packed, narrow cell layer that also can be divided into
two sub-layers. lla is more superficial and contains semilunar cells, while the
deeper llIb is composed of pyramidal cell soma whose dendrites extend into layer
| (Haberly and Price, 1978b). Layer lll is a thicker layer that contains pyramidal
cells, deeper mutlipolar cells, and associational axons (Neville and Haberly,
2004). Layer lll is graded in structure, with cell density decreasing with
decreasing depth (Haberly, 1983). Deep to layer Il is the endopiriform nucleus.
This nucleus, sometimes termed layer |V, is made up of spiny multipolar neurons
(Tseng and Haberly, 1989).

The principle neuron of the piriform cortex is the pyramidal cell. These
cells are morphologically similar to pyramidal cells in areas of cerebral cortex in
that they possess a primary apical dendritic tree that extends toward the cortical
surface and arborizes in layer la and |Ib as well as numerous basal dendrites that
can extend several hundred microns deep to the cell body (Haberly, 1983;
Neville and Haberly, 2004). The primary axon extends deep into the cortex
where it terminates on other pyramidal cells and interneurons. The myelinated
primary axon gives rise to many unmyelinated collaterals that spread out into
layers Ib and Il and synapse with neighboring cells (Haberly and Presto, 1986).
It appears that pyramidal cells make excitatory synapses on different subsets of

pyramidal cells, synapsing on the basal dendrites of nearby pyramidal cells and
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on the apical dendrites of cells farther away (Haberly, 1985). This associational
fiber system exhibits topographical specificity. For example, the semilunar cells
of layer Ila project to all parts of the piriform cortex, whereas association fibers
from pyramidal cells project primarily caudally (Haberly and Price, 1978a, b).
These association fibers terminate primarily in layer Ib (Haberly and Price,
1978a, b). As stated above, pyramidal cells also project axons to the olfactory
bulb where they synapse onto granule cells (Rall and Shepherd, 1968; Price and
Powell, 1970a; Mori and Takagi, 1978; Jahr and Nicoll, 1982). In addition to the
associational and centrifugal connections, the PC also projects to several other
olfactory and non-olfactory brain regions. These areas include entorhinal cortex,
perirhinal cortex, orbital cortex, insular cortex, amygdala, hypothalamus, and
thalamus (Luskin and Price, 1983b; Price et al., 1991; Johnson et al., 2000;
Neville and Haberly, 2004).

Several different types of interneurons are located within the cortex as
well. Subsets of these cells are GABAergic and are thought to be the main
source inhibition within the cortex. For example, layers Il and Ill contain a large
number of mutlipolar neurons extending axons that arborize around pyramidal
cell bodies. These neurons are thought to provide strong inhibition to the
pyramidal cell population (Haberly, 1983; Satou et al., 1983; Tseng and Haberly,
1988; Ekstrand et al., 2001; Neville and Haberly, 2004). Another group of
inhibitory neurons is located in layer la and have dendrites running parallel to the
LOT. These horizontal cells, the largest neurons in the cortex, receive input from

the LOT as well as from pyramidal cells and possess dendrites that synapse onto
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the apical dendrites of the pyramidal cells (Haberly et al., 1987). Together, these
interneurons can span large regions of piriform cortex and can participate in both
feedforward and feedback inhibition within the cortex.

Based on this anatomy, pyramidal cells that are excited by afferent fibers
would excite other pyramidal cells via their apical dendrites and excite non-
pyramidal cells involved in both inhibitory feedback and feedforward loops
(Haberly, 1985; Haberly and Bower, 1989; Neville and Haberly, 2004). Each
pyramidal cell receives input from a large number of other pyramidal cells via
both afferent and association fibers while also providing input to many cells. This
organization is consistent with physiological and imaging data suggesting an
ensemble code for odor identity where odors are represented by a spatially
distributed array in a large number of different neurons (Sharp et al., 1977;
Haberly, 2001; Wilson, 2001b; lllig and Haberly, 2003; Sugai et al., 2005).
Genetic tracing of specific receptor types mapping to patchy, overlapping areas
of olfactory cortex has further lent evidence to this idea (Zou et al., 2001).

Olfactory Cortex Oscillations

Similar to the OB, the PC also displays temporal patterns of both intrinsic
and odor-evoked activity. For example, 3 to 8 Hz respiratory-coupled oscillations
have been described in the PC (Freeman, 1959). These oscillations presumably
reflect M/T cell activity during inhalation. High frequency oscillatory activity has
also been reported within the PC. For example, spontaneous as well as odor-
evoked beta-band (12 to 35 Hz) oscillations have been reported (Freeman, 1959;

Bressler, 1984; Vanderwolf and Zibrowski, 2001). Beta-band oscillations are
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thought to be generated in the PC and/or the entorhinal cortex and propagate to
the OB via centrifugal innervation (Bressler, 1984; Kay and Freeman, 1998;
Neville and Haberly, 2003). The functional significance of beta-band oscillations
within the PC remains unclear. However, animals highly trained in olfactory
discrimination tasks show increased odor-evoked beta-band activity in the
olfactory bulb (Ravel et al., 2003). Since OB beta oscillations are generated in
the PC, the increased OB oscillations may reflect learning-induced changes
within the PC that are fedback into the bulb.

Gamma frequency oscillations also occur in the PC and have been shown
to be highly coherent with the OB oscillations (Freeman, 1978; Bressler, 1984;
Kay and Freeman, 1998). The source of PC gamma oscillations appears to be in
the OB as they are abolished by transecting the LOT (Neville and Haberly, 2003).
Gamma oscillations observed in the PC are thought to primarily reflect afferent
input patterns to the PC as gamma oscillations are abolished by olfactory bulb
removal (Becker and Freeman, 1968).

Encoding of Olfactory Information

In the epithelium, an odorant can bind to several different odorant
receptors, each one recognizing different parts of its molecular structure. In this
way the receptor sheet, together with the olfactory bulb, can act as an odorant
feature detection system in which an individual odorant would be encoded by a
subset of temporally synchronous, yet spatially diverse pattern of cell activity.
This map, however, is not simply reiterated within the cortex. Maps of odor-

evoked activity appear highly spatially distributed and overlap broadly for
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different odors (lllig and Haberly, 2003; Sugai et al., 2005). Anatomical tracing
experiments also show extensive overlap of pyramidal cells receiving input from
different olfactory receptor neurons (Buonviso et al., 1991; Zou et al., 2001).
Together, these studies suggest that pyramidal cells in the PC receive input from
highly overlapping sets of M/T cell populations. In addition, pyramidal cells make
extensive associational connections onto other pyramidal cells throughout the
olfactory cortex. Together these connections create a network of spatially
distributed overlapping ensembles of cells capable of integrating inputs from
several different receptor types.

Exposure to an odor would activate specific activity patterns encoding
odorant feature information within the bulb. These patterns would then converge
on subsets of pyramidal neurons within the PC. Through experience, these
features would be bound together into unique odor objects, much like the facial
recognition cells in visual inferotemporal cortex (Haberly, 2001; Wilson, 2001a;
Wilson, 2003; Wilson and Stevenson, 2003).

In addition to odor identity coding, the PC may participate in odor intensity
coding as well. As stated above, more superficially located tufted cells project
mainly to more rostral regions of the AOC and PC. In addition, these cells
appear to have lower activation thresholds than mitral/tufted cells projecting to
more caudal regions of cortex. Based on this, it has been hypothesized that the
rostro-caudal connectivity patterns may provide the basis for intensity coding
within the olfactory system. Recent support for this view has come through

optical imaging studies of odor-evoked activity showing that odorants at lower
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concentrations activated more rostral areas of the APC (Sugai et al., 2005).
Given that odorants elicit broadly overlapping activity patterns across the APC, it
appears that the PC may not only provide information about odor identity, but

simultaneously provide information about the odor’s intensity as well.
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Chapter 2

Olfactory Bulb Mitral-Tufted Cell Plasticity: Odorant-Specific Tuning
Reflects Previous Odorant Exposure'

! Copyright 2003 by the Society for Neuroscience
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Abstract

Olfactory system second-order neurons, mitral-tufted cells, have odorant
receptive fields (ORFs) (molecular receptive ranges in odorant space for carbon
chain length in organic odorant molecules). This study quantified several
dimensions of these excitatory odorant receptive fields to novel odorants in rats
and then examined the effects of passive odorant exposure on the shape of the
ORF-tuning curve. ORFs for carbon chain length of novel ethyl esters (pure
odorants that the animals had not been exposed to previously) were determined
before and after a 50 sec prolonged exposure to one of the odorants. In
response to novel odorants, quantitative analysis of mitral-tufted cell excitatory
ORFs revealed that the median ORF width spanned 3-4 carbons, generally with
a single-most excitatory odorant. Exposure to either the most excitatory odorant
(ON-PEAK) or an odorant that was two carbons longer (OFF-PEAK) for 50 sec
produced whole ORF suppression immediately after the end of the prolonged
exposure, with the ON-PEAK exposure producing the greatest suppression.
These results are consistent with a feature-detecting function for mitral-tufted
cells. Redetermination of the ORF 15 and 60 min after the exposure revealed
that OFF-PEAK exposure produced a reduction in responsiveness to the best
odorant and an increase in responsiveness to the exposed odorant. In contrast,
exposure to the ON-PEAK odorant or no odorant did not affect ORFs. Given that
mitral-tufted cells receive exclusively excitatory input from olfactory receptor
neurons expressing identical receptor proteins, it is hypothesized that
experience-induced mitral-tufted cell ORF changes reflect modulation of lateral
and centrifugal olfactory bulb circuits.
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Introduction

Experience can influence both behavioral and physiological responses to
sensory input. Both associative conditioning and, in certain circumstances,
stimulus exposure alone can modify cortical sensory neuron receptive fields
(RFs) and, consequently, behavioral sensory abilities (Gilbert et al., 2001). In
thalamocortical sensory systems, RF plasticity is believed to be dependent on
the heterogeneity and plasticity of afferent and association inputs (Hebb, 1949;
Weinberger, 1995; Buonomano and Merzenich, 1998).

Similarly, mammalian olfactory system responses to odors can change
with experience. For example, associative conditioning can alter olfactory bulb
(OB) glomerular activity patterns (Leon, 1987; Wilson and Sullivan, 1994), OB
output neuron (mitral-tufted cell) responses (Leon, 1987; Wilson and Sullivan,
1994; Faber et al., 1999), and local field potential oscillations (Freeman and
Schneider, 1982; Kendrick et al., 1992; Ravel et al., 2003). OB odor response
patterns can also be modified by simple odor exposure (Buonviso and Chaput,
2000; Spors and Grinvald, 2002) and by odor deprivation (Guthrie et al., 1990;
Wilson and Sullivan, 1995). Experience can also modify odor response patterns
in olfactory cortical neurons (Litaudon et al., 1997; McCollum et al., 1991;
Schoenbaum et al., 1999; Wilson, 2000a). These changes in olfactory system
response patterns may underlie both the memory for odors with acquired
significance (Freeman and Schneider, 1982; Kendrick et al., 1992; Wilson and
Sullivan, 1994; Ravel et al., 2003) and learned changes in behavioral olfactory

acuity (Wilson and Stevenson, 2003).
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Although changes in mitral-tufted cell responses to learned odors have
been reported previously, the effects of odor experience on mitral-tufted cell
odorant receptive fields (ORFs) have not. Mitral-tufted cell ORFs (molecular
receptive range; Imamura et al., 1992; Mori and Yoshihara, 1995) are believed to
primarily reflect the excitatory input that mitral-tufted cells receive on their apical
dendritic tuft from a homogenous population of olfactory receptor neurons
(ORNSs), all expressing the same olfactory receptor protein (Vassar et al., 1994;
Tsuboi et al., 1999). In mammals, individual mitral-tufted cells receive input from
a single glomerulus and thus should have ORFs that primarily reflect the ORFs of
their afferent receptor neurons (Bozza and Kauer, 1998; Luo and Katz, 2001). In
addition to this excitatory receptor neuron input to the apical dendrite, mitral-
tufted cell ORFs are also influenced by inputs to their extensive lateral dendrites.
The inputs to lateral dendrites are primarily inhibitory (Yokoi et al., 1995;
Shepherd and Greer, 1998), although there is evidence of excitatory (Isaacson,
1999) and autoexcitatory (Aroniadou-Anderjaska et al., 1999) activity.

On the basis of hypothesized mechanisms of experience-induced change
in RFs of cortical neurons in other sensory systems (Gilbert et al., 2001), the
unique anatomy of the olfactory receptor neuron-glomerulus-mitral-tufted cell
circuit might suggest unique consequences of experience on mitral-tufted cell
ORFs. For example, given that mitral-tufted cells receive homogenous afferent
receptor input, does this preclude experience-induced ORF shifts? The present
experiment aimed at better understanding mitral-tufted cell ORFs and ORF

plasticity. Mitral-tufted cell single-unit ORFs to a homologous series of ethyl
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esters were quantitatively characterized both before and after simple prolonged
exposure to one of the odors. The results suggest that mitral-tufted cell ORFs to
novel odorants can be shaped by previous exposure.

Materials and Methods

Subjects. Adult male Long-Evans hooded rats (Harlan Bioproducts for
Science, Indianapolis, IN) were used as subjects. Rats were housed in
polypropylene cages with water and food available ad libitum. Lights were
maintained on a 12 hr light/dark cycle with testing taking place during the light
hours. Animal care and protocols were approved by the University of Oklahoma
Institutional Animal Care and Use Committee in accordance with National
Institutes of Health guidelines. ORFs were mapped from a total of 72 cells in 56
animals with no more than three cells from each animal. Only cells that showed
excitatory responses to at least one of the ethyl esters presented were used in
this study.

Electrophysiology. Animals were anesthetized with urethane (1.5 gm/kg)
and placed in a stereotaxic apparatus. After exposing the skull, a small hole was
drilled over the left OB. Another hole was drilled over the lateral olfactory tract
(LOT) posterior to the OB, allowing a tungsten-stimulating electrode to be
inserted into the LOT. Respiratory activity was monitored throughout the
experiment using a piezoelectric monitor strapped around the animals' chest.
This output was then sent through a window discriminator allowing odorant pulse
delivery to be timed to the transition of the inspiration-expiration cycle as reported

previously (Wilson, 2000a).
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For single-unit mitral-tufted cell recordings, a tungsten microelectrode (5-
12 M) was lowered into the dorsal region of the left OB normal to the dorsal
surface. Recordings were made in the dorsomedial region of the OB known to be
responsive to ethyl esters of differing hydrocarbon chains (Imamura et al., 1992;
Uchida et al., 2000). Confirmation of recording electrode placement was verified
by LOT electrical stimulation and histological confirmation of the recording
electrode tip location. Unfortunately, given the superficial location of these
recordings, most recording sites could not be reconstructed. Single units were
amplified and bandpass filtered (300 Hz to 10 kHz) and then either directly
isolated or extracted through template matching using Spike 2 software
(Cambridge Electronics Design, Cambridge, UK).

Odorant receptive fields. The term receptive field is generally defined as
that portion of the sensory epithelium or stimulus space to which a sensory
neuron responds. In some systems, this corresponds to a precise spatial
dimension in a description of the RF [e.g., somatosensory system (Mountcastle,
1957) or early stages of the visual pathway (Hubel and Weisel, 1959)], whereas
in other systems, descriptions of RFs do not necessarily include a spatial
dimension [e.g., frequency tuning in the central auditory system (Diamond and
Weinberger, 1986; Weinberger, 1995) and object-oriented RFs of higher order
visual system (Rolls et al., 2003)]. Although central olfactory system neurons can
also display spatial RFs [e.g., mitral-tufted cells (Kauer and Moulton, 1974; Jiang
and Holley, 1992) and piriform cortex neurons (Wilson, 1997)], a variety of terms

have been used to describe the odorant stimulus tuning properties of these
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neurons and their underlying anatomy. These terms include odotopy (Shepherd
and Greer, 1998), rhinotopy (Clancy et al., 1994), molecular receptive range
(Mori and Yoshihara, 1995), and odorant receptive field (Wilson, 2000b; Luo and
Katz, 2001; Sanchez-Montanes and Pearce, 2002). The two latter terms are
generally considered analogous (Mori and Yoshihara, 1995; Luo and Katz, 2001)
and refer to that region of odorant space to which an olfactory neuron responds.
The ORF of a single unit in the central olfactory system is dependent on both the
type of olfactory receptor neuron input it receives (influenced by precise
anatomical projections from the receptor sheet) and central circuit processing
(Kauer, 1991; Mori and Yoshihara, 1995; Luo and Katz, 2001). One dimension
that has been routinely used to partially describe (map) ORFs is carbon chain
length (Imamura et al., 1992). The present study uses the ORF terminology as
described here to enhance comparison with published work from other sensory
systems.

Odor stimulation. Odorants were delivered by passing a stream of
humidified charcoal-filtered air through syringe filters saturated with specific
odorants using a flow dilution olfactometer (1:10 dilution). Although higher
odorant concentrations are known to elicit broader ORFs than lower
concentrations, previous studies found the best (most effective) odorant of the
ORF to be the same, regardless of concentration (Imamura et al., 1992, Sato et
al., 1994). Odorants used were ethyl formate (E1), ethyl acetate (E2), ethyl
propionate (E3), ethyl butyrate (E4), ethyl valerate (ES5), ethyl hexanoate (E6),

ethyl heptanoate, ethyl octanoate (E8), and isoamyl acetate (AA) (Sigma, St.
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Louis, MO). For all ORF determination, animals were given 2 sec odor pulses
delivered in pseudorandom order. Odorant habituation (exposure) consisted of a
single 50 sec odorant presentation to either the BEST-ODORANT (ON-PEAK) or
the odorant that was two carbons longer in chain length than the BEST-
ODORANT (OFF-PEAK). In all cases, odorants used for the 50 sec exposure
were E3, E4, E5, or E6. All odorants were initially novel to the animals tested,
and no animal received more than one 50 sec odorant exposure to allow
examination of the effects of the initial odorant exposure on mitral-tufted cell
ORFs, a design similar to our previous work (Wilson, 2000a).

Odor response analysis. A variety of quantification and classification
schemes exist for odorant responses (Pager et al., 1972; Mair, 1982; Harrison
and Scott, 1986; Meredith, 1986; Hamilton and Kauer, 1989; Wellis et al., 1989;
Imamura et al., 1992; Buonviso and Chaput, 2000; Wilson, 2000b). Using these
schemes, it has been shown that both the number of evoked spikes and temporal
patterning of spike occurrence can vary with odorant stimulus quality and
intensity. As a first approach to detecting ORF changes with exposure, we chose
to focus on stimulus-evoked spike counts to facilitate comparison with results
from other sensory systems (Weinberger et al., 1993; Rolls et al., 2003).

For the description of mitral-tufted cell ORFs to novel odorants, we used
two different measures, one highly inclusive and liberal and one more
conservative. Response magnitudes were calculated by subtracting the number
of spikes during a 4 sec prestimulus period from the number of spikes during

each 4 sec odorant presentation. Partial ORFs for the esters used here could
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then be mapped on the basis of changes in raw spike counts. For the more
liberal response definition, cells were considered to show an excitatory response
to an odorant if the mean response magnitude for that odorant was >0. This
allowed characterization of ORFs with very inclusive criteria. The more
conservative ORF measure involved statistical analysis of response magnitudes
for each odorant response. For statistical ORF comparisons, cells were
considered to respond to an odorant if the mean number of spikes during the 4
sec period beginning with the odorant presentation was significantly greater (0.25
sec bin width; t test; p < 0.05) than the number of spikes during the 4 sec
prestimulus baseline activity.

For comparisons of individual ORFs as well as exposure-induced (i.e., 50
sec exposure) changes, it was necessary to normalize the ORFs relative to the
response magnitude to the most excitatory (best) odorant. This allowed for
comparisons of overall ORF-tuning curve shape. Normalized ORFs were
obtained by calculating response magnitudes for each odorant as a percentage
of the BEST-ODORANT response magnitude. The BEST-ODORANT was
defined as the odorant that produced the largest response relative to the other
odorants in the series at that time point. By normalizing responses, potential
shifts in BEST-ODORANT could be seen by a shift in the postexperience ORF
peak away from the preexperience ORF peak while canceling simple changes in
the overall firing rate to odorant presentations. Experience might not only shift the

ORF toward a different peak odorant but also change the overall shape of the
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ORF. With ORFs normalized, a more precise relationship between odorant
responses could be observed.

ORFs were remapped immediately, 15 and 60 min after the 50 sec
odorant exposure stimulation. For preexposure, 15 min postexposure, and 60
min postexposure ORFs, response magnitudes were averaged across two
presentations of each odorant. Because of time constraints of presenting eight
odorants, ORFs immediately after the 50 sec exposure were based on responses
to a single presentation of each odorant. The respiration rate, which could be
indicative of changes in anesthetic level or animal condition over the course of
the 60 min experiment, did not significantly change in the animals used for long-
term testing [t(18) = 0.10; not significant].

For each cell, the 50 sec exposure odorant was chosen as either the
BEST-ODORANT within the baseline ORF of that cell or an odorant that was two
carbons longer in chain length than the BEST-ODORANT. Response magnitudes
to each of the odorants were calculated for each time point in the same manner
as the initial normalized ORFs. ORFs mapped before exposure, immediately
after exposure, and 60 min after the 50 sec exposure were compared with three-

way repeated measure ANOVA and post hoc comparisons.
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Results

Odorant ORF mapping

Single-unit ORFs were mapped in odorant space along the carbon chain
length dimension from 72 mitral-tufted cells to a homologous series of novel ethyl
esters. Figure 1 shows a typical example of a single-unit excitatory ORF to ethyl
esters. The recording in Figure 1A shows the spike discharge of the mitral-tufted
cell before, during, and after a 2 sec odorant presentation. In this case, the cell
responded to four of the eight ethyl esters presented, with vigorous firing to three
of the odorants. For ORF determination along the dimension of carbon chain
length, averaged single-unit responses were expressed for each odorant (Fig.
1B). To make comparisons between individual ORFs and potential experience-
induced changes, all single-unit ORFs were also expressed as a percentage of
the odorant eliciting the largest response for each cell (BEST-ODORANT) (Fig.
1C). Because the second phase of this study was concerned with comparing
individual ORF changes, normalizing the ORF fields allowed for better
comparisons of overall ORF-tuning curve shape over time. Expressing ORFs as
a percentage of the BEST-ODORANT does not change the overall shape of the

ORF, as shown in Figure 1.
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Figure 1. Representative example of single-unit mitral-tufted cell responses to a
novel series of ethyl esters. A, Sample traces of spike activity before, during, and
after 2 sec odorant presentations of a homologous series of ethyl esters differing
in carbon chain length B, Antidromic LOT-evoked spike recorded from the neuron
shown in A (arrow, evoked spike) and histological verification of electrode
location near the mitral-tufted cell layer (asterisk, recording site). The time scale
for antidromic response is 5 msec. C, ORF for cell in A is based on mean
odorant-evoked changes in cell firing for each odorant. D, ORF of same cell
remapped as a percentage of the BEST-ODORANT response (normalized).
Replotting the ORF as a percentage of BEST-ODORANT response does not
change overall ORF shape.
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Representative ORFs to novel odorants from four different cells are shown
in Figure 2. Individual cells differed in their ORFs to the esters presented.
Differences between cells were observed in responses to odorants within the
series, with most cells excited by only a subset of odorant chain lengths in the
series. For example, the cell in Figure 2A responded to odorants E3-E5, with
chain lengths outside of this range being ineffective. The cell in Figure 2B had a
broader ORF with stronger responses to odorants E3-E6. This cell also displayed
excitatory responses to isoamyl acetate (AA), whereas AA appeared to be
ineffective in exciting the cell in Figure 2A. Figure 2C shows an example of a cell
with a sharper ORF, with the cell only responding to two of the chain lengths.
This cell was somewhat inhibited by chain lengths immediately outside the range
of excitatory odorants. Similarly, Figure 2D shows a cell with a very narrow ORF
characterized by a single excitatory odorant and suppression to neighboring
chain lengths.

The mean odor-evoked spike counts of all cells (n = 72) to all odorants
were combined in Figure 3A. As a population, this group of cells responded most
strongly to E3 and E4 with a slight skew toward longer chains (Fig. 3A). Using
the liberal definition of excitatory odorant response as a simple increase in spike
count during the stimulus compared with prestimulus count, most individual cells
also responded to E3 and E4 (Fig. 3B). A majority of the cells tested also had
excitatory responses when presented with isoamyl acetate (Fig. 3B).

Furthermore, using the liberal definition of excitatory odorant responses, the
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majority of cells had excitatory ORF widths between four and seven odorants
(Fig. 3C).

When the ORF responses were analyzed more conservatively on the
basis of statistically significant changes in spike count, a slightly different picture
of ORFs to novel odorants emerged. As might be expected, cells responded to
substantially fewer odorants of the set than compared with the liberal response
definition (Fig. 4). Furthermore, the majority of cells had ORF widths between
one and four odorants (Fig. 4B).

The conservative definition of odorant responses was also used to
quantitatively characterize mitral-tufted cell ORFs by examining the conditional
probability of responses to a particular odorant by a single cell, given that that
same cell responds to another odorant. Thus, for example, we wanted to
determine whether a cell that responds to an ester with a carbon chain length of
four is equally likely to respond to esters with longer (E5) and shorter (E3) chain
lengths, or whether there is an asymmetry in mitral-tufted cell ORFs for chain
length. Data from olfactory receptor neuron recordings (Gaillard et al., 2002) and
mitral-tufted cell cross-habituation studies (Wilson, 2000b) suggest that an
asymmetry or bias exists in ORFs for chain length. Figure 5 shows probabilities
of responses to ethyl esters on the basis of ORFs to novel odorants. Given the
low response probability to E1 and E2, only data for E3-E8 are included. As
shown, individual cells tend to respond to odorants of similar carbon chain length,

although there is an asymmetry in relationship to carbon chain length preference.
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Molecular structure and name of all odorants used.
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Thus, assuming a cell responds to a given chain length, it has a higher
probability of responding to odorants with a shorter chain length than to odorants
with a longerchain length. For example, of the cells that responded to E4, 80%
also responded to E3, whereas only 40% responded to E5. In contrast, of the
cells that responded to E5, 80% also responded to E4, whereas only 50%

responded to EG6.

These results suggest that a conservative estimate of mitral-tufted cell
excitatory ORFs for novel esters includes odorants varying in length by a median
of three carbons. Furthermore, a conditional probability analysis suggests that if
a cell responds to an odorant of a particular carbon chain length, it is more likely
to respond also to shorter chain odorants than longer chain odorants. The

following analyses examined the effect of previous experience on these ORFs.

Odorant ORF short-term plasticity

After ORF determination to novel odorants, a subset of cells received a 50
sec odorant exposure to either the BEST-ODORANT for that cell (ON-PEAK; n =
20) or the odorant that was two carbons longer in chain length than the BEST-
ODORANT for that cell (OFF-PEAK; n = 28). Given that most cells recorded here
had BEST-ODORANTSs of E3 or E4 and very few cells responded to E1 and E2,
examination of the effects of exposure to shorter chain lengths was not possible.
Immediately after the 50 sec exposure, ORFs were remapped. ORFs were
normalized to the maximal response, as described in Materials and Methods, and

aligned across cells to the BEST-ODORANT for each cell as determined during
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Assuming a response to a given odorant (listed as the ordinate in the
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histogram). If a given cell responded to an odorant of specific carbon chain
length, it had a high probability of responding to shorter chained-related
odorants. Response probabilities were based on odorant-induced responses that
were statistically significant different from baseline activity.
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the preexposure mapping. Figure 6 shows the effects of a single 50 sec odorant
stimulus on mitral-tufted cell raw spike-count ORFs mapped immediately after
the termination of the prolonged exposure. Responses to the odorants after the
50 sec exposure were suppressed in both the ON-PEAK (Fig. 6A) and OFF-
PEAK exposed (Fig. 6B) groups (ANOVA; main effect of trial, F(1,228) = 52.1; p
< 0.01), with postexposure responses being suppressed more in the ON-PEAK
group (ANOVA; trial x group interaction, F(1,228) = 3.94; p < 0.05). Post hoc
Fisher tests revealed a significant difference between the ON-PEAK and OFF-
PEAK postexposure responses to the BEST-ODORANT (p < 0.05), with
responses in the ON-PEAK group showing greater suppression. The results
show that immediately after a 50 sec exposure to an odorant within the ORF,

responses across the ORF in both groups were suppressed.

By normalizing both preexposure and immediately postexposure ORFs, effects
on the shape of the ORF can be better examined. Normalizing the pre-ORFs and
post-ORFs again showed that a 50 sec odorant stimulus suppressed both the
ON-PEAK and OFF-PEAK exposed ORFs (ANOVA; main effect of trial, F(1,228)
= 21.5; p < 0.01) (Fig. 7). Again, post hoc Fisher tests revealed a significant
difference between the ON-PEAK and OFF-PEAK postexposure responses to
the BEST-ODORANT (p < 0.05) with responses in the ON-PEAK group being
lower. In the normalized ORFs, no significant difference in the amount of
habituation was found between groups (ANOVA; significant trial x group

interaction; F(1,228) = 2.37; not significant) or within odorant responses
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Figure 6. Mean single-unit ORF changes (odor-evoked spikes) immediately after
50 sec odorant exposure. A, Mean single-unit changes immediately after
exposure to the ON-PEAK odorant (n = 20). B, Mean single-unit changes
immediately after exposure to the OFF-PEAK odorant (n = 28). Arrows represent
the carbon chain length of odorant presented during exposure. Asterisks
represent a significant difference between postexposure odorant responses and
preexposure responses (p < 0.05).
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Figure 7. Mean normalized single-unit ORF changes immediately after 50 sec
odorant exposure. ORFs from Figure 6 were normalized as a percentage of the
preexposure BEST-ODORANT response. A, Mean single-unit changes
immediately after exposure to the ON-PEAK odorant (n = 20). B, Mean single-
unit changes immediately after exposure to the OFF-PEAK odorant (n = 28).
Arrows represent the carbon chain length of odorant presented during exposure.
Asterisks represent a significant difference between postexposure odorant
responses and preexposure responses (p < 0.05).
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(ANOVA,; trial x group x odor interaction; F(4,228) = 2.04; not significant). These
results show that although there is a postexposure decrease in the response of
both groups, no significant overall change in the shape of the ORF can be

observed.

Odorant ORF long-term plasticity

In a subset of the animals used to describe short-term effects of odorant
exposure, ORFs were remapped 15 and 60 min after the 50 sec odorant
exposure. Figure 8 shows examples of individual normalized ORFs mapped
before and 60 min after 50 sec exposure. The cell in Figure 8A was exposed to
its BEST-ODORANT (ON-PEAK), whereas the cell in Figure 8B was exposed to
the OFF-PEAK odorant. The ON-PEAK exposed cell shows no change in ORF
BEST-ODORANT 60 min after exposure but does appear to narrow with the
appearance of enhanced suppressive responses to longer and shorter odorant
chains (Fig. 8A). In contrast, the OFF-PEAK exposed cell shows a marked shift
ORF BEST-ODORANT away from the original BEST-ODORANT toward the

exposure stimulus (Fig. 8B).

Mean ORF changes over time are shown in Figures 9 and 10. In the ON-
PEAK exposed group (n = 11), little change occurs in the shape of the ORF over
time (Figs. 9A, 10A). Although the ORF seems broader 15 min after the odorant
exposure, within 1 hr the shape of the ORF is relatively unchanged. This
suggests that odorant ORFs under the conditions here can be highly stable after

exposure to the BEST-ODORANT.
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Figure 8. Examples of individual mitral-tufted cell odorant ORFs before and 60
min after a single 50 sec odorant exposure. ORFs are normalized on the basis of
the preexposure BEST-ODORANT response. A, ORF changes in a mitral-tufted
cell after ON-PEAK odorant exposure. In this case, the overall ORF shows little
change, although with enhanced suppression of odorants similar to the BEST-
ODORANT. B, ORF changes in a mitral-tufted cell with OFF-PEAK odorant
exposure. In this cell, ORF changes were seen with an overall shift of the ORF
toward the experienced odorant as well as suppression of the BEST-ODORANT
response. Arrows represent the carbon chain length of the odorant presented
during the 50 sec exposure.
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Figure 9. Mean single-unit odorant ORF changes after a single 50 sec odorant
exposure. ORFs were normalized as a percentage of the preexposure BEST-
ODORANT response. A, Mean single-unit changes 15 min and 1 hr after
exposure to the ON-PEAK odorant (n = 11). B, Mean single-unit changes 15 min
and 1 hr after experience to the OFF-PEAK odorant (n = 10). Arrows represent
the carbon chain length of odorant presented during exposure. Asterisks
represent a significant difference between postexposure odorant responses and
preexposure responses (p < 0.05).
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As an additional test of odorant ORF stability, the odorant ORFs of a small
number of additional cells were monitored over repeated (range, 4-9) stimulation
over the course of up to 60 min without an intervening 50 sec odorant exposure.
In those cells, normalized ORFs did not significantly change over time (n = 5;
repeated measures ANOVA,; F(2,24) = 1.27; not significant).

In contrast to the stability of odorant ORFs after ON-PEAK odorant
exposure, in the OFF-PEAK exposed group (n = 10), there was a significant
change in the overall odorant ORF shape with a shift in the peak toward the
experienced odorant (ANOVA,; trial x group x odorant interaction; F(1,57) = 3.87;
p < 0.05). Post hoc Fisher tests revealed a significant drop in the BEST-
ODORANT response and a significant increase in the exposure odorant
response 60 min after odor exposure (p < 0.05) (Figs. 9B,10B). These ORF
shape changes after OFF-PEAK odorant exposure can develop over time with
the ORF after 15 min of being intermediate between the pre-ORF and 60 min
post-ORF (Fig. 9). Given the stability of odorant ORFs in ON-PEAK exposed
animals and nonexposed CONTROL animals described above, the shifts in
odorant ORF after OFF-PEAK exposure appear to be exposure-induced In
addition to changes in BEST-ODORANT, selectivity of the exposed cells as a
whole was also modified. As shown in Figure 11, as a population, mitral-tufted
cells exposed to an ester for 50 sec showed a significant narrowing of

responsiveness to other esters.
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Figure 10. Pseudocolor representation of ORF changes over the course of 60
min after a single 50 sec odorant exposure. A, Mean single-unit changes after
exposure to the ON-PEAK odorant (n = 11). Immediately after exposure, the
ORF is suppressed but appears to recover within 15 min. After this, the ORF
remains relatively stable over time, with no apparent shift, and the BEST-
ODORANT remains the same. B, Mean single-unit changes after exposure to the
OFF-PEAK odorant (n = 10). In contrast to the ON-PEAK exposed cells, after the
initial suppression was brought about through OFF-PEAK exposure, the ORF
displays major changes throughout the 60 min. The ORF shape changes with the
responses to the BEST-ODORANT being suppressed, and responses to the
experienced odorant being enhanced. The horizontal bar represents the carbon
chain length of odorant presented during exposure. The color bar represents the
amount of odorant-induced activity, with red being excitatory odorant responses
and blue being suppression relative to baseline.
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Figure 11. Mitral-tufted cells show narrowing of responsiveness to all esters after
50 sec of exposure with one of the esters in the series. As a population, both ON-
PEAK- and OFF-PEAK exposed groups showed ORF narrowing with a
significant decrease in the percentage of cells showing excitatory responses to
the esters 60 min after the 50 sec odorant exposure. A statistical comparison
revealed a significant difference between preexposure and postexposure for all
cells (p < 0.05).
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A comparison of the percentage of cells responding to each odor for all cells
combined showed a significant change 60 min after the 50 sec exposure (2; df(8)
=18.91; p < 0.05).

In some animals, the response to isoamyl acetate was also measured
after the odorant exposure. Similar to the other odorants immediately after a 50
sec exposure to one of the ethyl esters, responses to isoamyl acetate were
significantly suppressed [t(12) = 2.28; p < 0.05]. The response to isoamyl acetate
recovered over the course of the experiment, with responses returning to

baseline within 60 min (ANOVA; F(3,36) = 0.64; not significant) (Fig. 12).

Discussion

The current study quantified excitatory mitral-tufted ORFs to a
homologous series of novel ethyl esters to investigate exposure-induced ORF
plasticity. As described previously (Imamura et al., 1992; Mori et al., 1992),
mitral-tufted cell responsiveness varied along the dimension of carbon chain
length, generally showing a maximal responsiveness to a single carbon chain
length (BEST-ODORANT). Median mitral-tufted cell excitatory ORFs spanned
three to five of eight esters presented. There appeared to be an asymmetric
conditional probability response bias, with cells more likely to respond to a given
odorant and shorter carbon chain lengths than to longer chain lengths. Mitral-
tufted cell ORFs to novel odorants demonstrated both long- and short-term

plasticity after a 50 sec odorant exposure characterized by an immediate
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Figure 12. Responses to isoamyl acetate before and after experience with ethyl
esters. Response magnitudes are expressed as a percentage of the initial
isoamyl acetate response. Similar to the other odorants, adaptation to one of the
ethyl esters caused responses to be significantly suppressed. The responses
seemed to recover over the course of the experiment and being similar to
baseline after 60 min (n = 13).
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suppression across the ORF and followed by recovery and a long-term ORF shift
toward the experienced odorant. These latter findings are very similar to RF
plasticity in thalamocortical sensory systems (Weinberger, 1995; Buonomano
and Merzenich, 1998; Gilbert et al., 2001), despite the unusual anatomy of
afferent input to mitral-tufted cells.

Olfactory bulb odorant ORFs

These results are consistent with previously reported studies of mitral-
tufted cell responses to odorants differing in carbon chain length (Imamura et al.,
1992). In addition, a maijority of cells activated by ethyl esters also showed
excitatory responses to isoamyl acetate (Fig. 3), which shares some structural
similarities with ethyl esters used here. Note that the ORFs of the mitral-tufted
cells recorded in this study have only been partially sampled and are presumably
much larger, containing many more odorants differing not only in carbon chain
length but possibly in type and position of functional groups within the odorant
molecule as well (Hamilton and Kauer, 1989; Wellis et al., 1989; Imamura et al.,
1992).

Mitral-tufted cell ORFs reflect both afferent input and central processing.
Olfactory receptor neurons expressing homologous receptor genes project their
axons to a small set of neighboring OB glomeruli, with individual glomeruli
receiving exclusive input from receptor neurons expressing the same receptor
gene (Vassar et al.,, 1994; Tsuboi et al., 1999). In turn, apical dendrites of rat
mitral-tufted cells receive excitatory input from a single glomerulus (Shepherd

and Greer, 1998). Thus, in the absence of local circuit inputs, excitatory ORFs of
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mitral-tufted cells to novel odorants should primarily reflect the ORF of the
receptor neurons that innervate them. In fact, the quantified mitral-tufted cell
excitatory ORFs described here, showing a median carbon chain length span of
three to five, match well with qualitative and quantitative descriptions of olfactory
receptor neuron ORFs for carbon chain length. Specifically, the mouse OR912-
93 receptor only binds aliphatic odorants with a straight carbon chain length of
more than four and with maximal specificity to a seven carbon chain (Gaillard et
al., 2002). Many other studies have reported ORNSs that are responsive to a
series of homologous odorants spanning less than five carbons in chain length
difference (Sato et al., 1994; Malnic et al., 1999; Araneda et al., 2000).

One surprising characteristic of the mitral-tufted cell excitatory ORFs
described here was the asymmetry in conditional probability of responding to
chain length. Within the sampled population, if a cell responded to a particular
carbon chain length, it was more likely to also respond to shorter chains than
longer chains. Similar phenomena have been reported for olfactory receptor
neuron ORFs, in which, for example, a receptor may respond maximally to a
given chain length but also to shorter chains (Gaillard et al., 2002). This type of
receptor response could account for the asymmetry described here. However,
there are several examples in the literature of the opposite effect, in which a
receptor does not respond until a certain chain length is reached and then
continues to respond as the chain length is increased (Malnic et al., 1999);
although, these responses were not analyzed in detail. A more quantitative

analysis of olfactory receptor neuron ORFs for carbon chain length, perhaps
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combined with mitral-tufted cell ORF mapping for the same odorant set and
concentration, appears necessary to help isolate characteristics of mitral-tufted
cell ORFs that result purely from OB processing, as opposed to those that
primarily reflect afferent input.

Of course, mitral-tufted cell ORFs not only passively reflect excitatory
olfactory receptor input but also reflect extensive lateral and feedback input to
mitral-tufted cells from interneurons and centrifugal input from the rest of the
brain (Shepherd and Greer, 1998; Mori et al., 1999). Through mechanisms such
as lateral inhibition and centrifugal feedback, mitral-tufted cell ORFs can be
sharpened to possibly enhance tuning specificities to odorant responses (Yokoi
et al., 1995; Luo and Katz, 2001). Although previous reports have demonstrated
that responses to particular odorants can be modified on the basis of behavioral
state (Pager et al., 1972; Jiang et al., 1996) and past experience (Freeman and
Schneider, 1982; Wilson and Sullivan, 1994, 1995; Brennan and Keverne, 1997;
Kay and Laurent, 1999; Buonviso and Chaput, 2000), presumably through
changes in central processing, the effects of experience on mitral-tufted cell
ORFs have not been examined until now.

Odorant ORF plasticity: short-term effects of odorant exposure

As reported previously (Wilson 2000b), exposure to an odorant within a
mitral-tufted cell ORF produced a widespread depression (habituation) of the
odorant ORF, whereas the general shape of the ORF-tuning curve remained
constant. Exposure to the BEST-ODORANT produced greater generalized

habituation than exposure to an odorant near the edge of the ORF. These results

62



are consistent with a feature detection model of mitral-tufted cell function in which
habituation to one odorant (feature) within the ORF suppresses responses to all
odorants sharing that feature (Mori and Yoshihara, 1995; Wilson 2000b). An
odorant feature, perhaps less effective at stimulating the relevant receptors
(OFF-PEAK), thus may produce less overall suppression, similar to the
pharmacological concept of a partial agonist.

Odorant ORF plasticity: long-term effects of odorant exposure

The consequences of odorant exposure continued to emerge over the
course of at least 60 min, as demonstrated by the OFF-PEAK exposed cells. In
OFF-PEAK exposed cells, ORFs 60 min after exposure showed a decrease in
responsiveness to the previously BEST-ODORANT and an increase in
responsiveness to the exposed odorant. In some cells, these changes produced
a complete shift in ORF peak toward the exposed odorant (Fig. 8B). In cells
exposed to the BEST-ODORANT, ORFs maintained their preexposure BEST-
ODORANT (Fig. 9A). In addition to changes in ORF peak, exposure to either the
ON-PEAK or OFF-PEAK odorant produced a narrowing of the ORF. Thus, simple
exposure to a novel odorant can focus mitral-tufted cell ORFs on the exposed
odorant, conceivably enhancing odorant feature discrimination.

The experience-induced ORF changes reported here are similar to those
found in other sensory systems in which experience can modify single-unit RFs
and cortical representations (Weinberger, 1995; Buonomano and Merzenich,
1998; Gilbert et al., 2001) to enhance encoding of learned stimuli. The changes

observed in the present study did not require specific associative training but
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used stimuli that the animals had never encountered before. Similar ORF
changes may not occur in response to the exposure to well learned or familiar
stimuli. The changes observed may represent an initial fine tuning of response
patterns to novel stimuli and the first stage of olfactory perceptual learning. In
both rats (Fletcher and Wilson, 2002) and humans (Rabin, 1988; Stevenson,
2001), discrimination of novel odorants can be enhanced through experience
with those odorants. Although perceptual learning is thought to be primarily a
cortical event in most sensory systems (Gilbert et al., 2001; Wilson and
Stevenson, 2003), the mitral-tufted cell ORF changes shown here could also
contribute to this behavioral change.
Potential mechanisms of ORF change

Experience-induced changes in mitral-tufted cell excitatory ORFs is
somewhat surprising, given that the afferent input to rat mitral-tufted cells is
believed to be from a homogeneous population of olfactory receptor neurons.
Although the receptor neuron-to-mitral-tufted cell synapse is capable of long-term
potentiation (Ennis et al., 1998) and may contribute to the ORF changes seen
here (C. Linster, M. L. Fletcher, and D. A. Wilson, unpublished observations), we
hypothesize that plasticity in synaptic strength of interneuron connections and
cortical feedback may be the major forces shaping mitral-tufted cell ORF
experience-induced changes, as hypothesized for olfactory associative learning-
induced OB changes (Freeman and Schneider, 1982; Gray et al., 1986; Sullivan

et al., 1989; Ravel et al., 1990; McLean et al., 1993; Wilson and Sullivan, 1994;
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Brennan and Keverne, 1997; Kay and Laurent, 1999; Linster and Cleland 2002;
Yuan et al., 2003).

The majority of centrifugal inputs to the OB terminate on inhibitory
interneurons (Haberly and Price, 1978; Shepherd and Greer, 1998). Thus, we
propose that experience-induced changes in mitral-tufted cell ORFs primarily
reflect a change in inhibitory interneuron modulation of the olfactory receptor
neuron-driven excitatory ORF. In this way, the BEST-ODORANT of an excitatory
ORF of an individual mitral-tufted cell could be shifted between several odorants
dependent on past experience. However, it is predicted that the extent of a
possible shift will be entirely limited by the ORFs of the receptor neurons
targeting the apical glomerulus and dendrite of that mitral-tufted cell. This
dependence of coding plasticity on local "horizontal" circuits and descending
input from higher processing centers is again highly reminiscent of plasticity in
thalamocortical sensory systems (Gilbert et al., 2001).

In summary, mitral-tufted cell odorant ORFs, and thus OB output, are
dynamic and can be modulated by odor experience. These ORF changes could
affect OB spatiotemporal dynamics as well as cortical odor processing, ultimately

resulting in modified perception of familiar odorants.
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Chapter 3

High Frequency Oscillations Are Not Necessary For Simple Olfactory

Discriminations In Young Rats?

2 Copyright 2005 by the Society for Neuroscience

66



Abstract

Individual olfactory bulb mitral/tufted cells respond preferentially to groups
of molecularly similar odorants. Bulbar interneurons such as peri-glomerular and
granule cells are thought to influence mitral/tufted odorant receptive fields
through mechanisms such as lateral inhibition. The mitral-granule cell circuit is
also important in the generation of the odor-evoked fast oscillations seen in the
olfactory bulb local field potentials and hypothesized to be an important indicator
of odor quality coding. Infant rats, however, lack a majority of these inhibitory
interneurons until the second week of life. It is unclear if these developmental
differences affect olfactory bulb odor coding or behavioral odor discrimination.
The following experiments aimed at better understanding odor coding and
behavioral odor discrimination in the developing olfactory system. Single-unit
recordings from mitral/tufted cells and local field potential recordings from both
the olfactory bulb and anterior piriform cortex were performed in freely breathing
urethane-anesthetized rats (postnatal day 7 — adult). Age-dependent behavioral
odor discrimination to a homologous series of ethyl esters was also examined
using a cross-habituation paradigm. Odorants were equated in all experiments
for concentration (150 PPM) using a flow dilution olfactometer. In concordance
with the reduced interneuron population, local field potentials in neonates lacked
detectable odor-evoked gamma frequency oscillations that were observed in
mature animals. However, mitral/tufted cell odorant receptive fields and
behavioral odor discrimination did not significantly change, despite known
substantial changes in local circuitry and neuronal populations, over the age
range examined. The results suggest that high frequency local field potential
oscillations do not reflect processes critical for simple odor discrimination.
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Introduction

The olfactory bulb is thought to function as a combinatorial odorant feature
detector in which different parts of odor molecules activate specific subsets of
bulbar output neurons. This code is then sent to higher cortical centers involved
in integrating this information into perceptual wholes (odor objects) involved in
sensory discrimination and memory (Wilson and Stevenson, 2003).

Two views of olfactory bulb combinatorial coding exist. First, glomeruli and
their corresponding mitral/tufted cells respond preferentially to groups of
molecularly similar odorants (Uchida et al., 2000; Leon and Johnson, 2003),
resulting in odor-specific spatial patterns of glomerular activity and associated
mitral/tufted cell output. Through mechanisms such as glomerular and granule
cell layer lateral inhibition, inhibitory interneurons could shape the spatiotemporal
activity pattern to enhance contrast between similar odorant features, as well as
begin the process of feature synthesis.

A second proposed coding mechanism involves coincident firing of groups
of mitral/tufted cells precisely synchronized to oscillatory local field potentials
(LFP’s). Oscillatory activity has been found in the olfactory systems of many
species (Adrian, 1952; Bressler and Freeman, 1980; Laurent and Davidowitz,
1994; Lam et al., 2000). In some invertebrates, odor discrimination is thought to
rely on the precise oscillatory synchronization of dynamic olfactory bulb
assemblies in which coincident firing of projection cells would form the basis of
feature synthesis and odor coding (Laurent, 2002), although other studies have

shown that projection cell synchronization is not dependent on these oscillations
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(Christensen et al., 2003). In this model, the role of inhibitory interneurons in the
shaping of individual projection cell tuning curves is less important than their role
in precisely synchronizing subsets of active cells to the global oscillatory
dynamics of the bulb (Laurent, 1999).

Odors elicit both beta (15-40Hz) and gamma frequency (40-75 Hz)
oscillations in the mammalian olfactory bulb although their strict relationship to
odor quality coding is unclear (Adrian, 1952; Bressler and Freeman, 1980;
Chabaud et al., 2000; Neville and Haberly, 2003). Oscillations in mammalian
olfactory bulb may reflect odor quality coding (Nusser et al., 2001), but have also
been linked to memory (Ravel et al., 2003) and experience-dependent
phenomena such as expectancy (Kay et al., 1996). In this latter view, inhibitory
neurons such as granule cells serve as the target of cortical feedback circuits to
modify bulb activity based on changes in expectation and state (Freeman, 1978).
In this model, therefore, disruption of normal inhibitory interneuron function may
not be expected to produce drastic effects on simple odor discrimination.

Infant rats offer an excellent system for investigating olfactory bulb odor
coding mechanisms in that they possess a morphologically and physiologically
immature olfactory system and yet are capable of, and in fact are dependent on,
olfactory learning and odor-guided behaviors (Wilson and Sullivan, 1994). For
example, neonatal rats lack a majority of bulbar inhibitory interneurons thought to
be involved in generating fast oscillations (Rosselli-Austin and Altman, 1979;
Mair et al., 1982), and thus lack adult-like spontaneous local oscillatory activity

(Almli et al., 1985). However, it is unclear if these developmental differences
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affect olfactory bulb coding necessary for simple behavioral odor discrimination.
The following experiments were aimed at better understanding olfactory bulb
oscillatory activity, mitral/tufted cell olfactory receptive fields (ORF’s), and how
they relate to odor coding and odor discrimination in the developing olfactory
system.
Methods

Subjects. Male and female Long-Evans hooded rats (Harlan Bioproducts
for Science, Indianapolis, IN) were used. Rats were housed in polypropylene
cages with food and water available ad libitum. Lights were maintained on a 12
hr light/dark cycle with all testing during the light hour cycle. Animal care and
protocols were approved by the University of Oklahoma Institutional Animal Care
and Use Committee in accordance with National Institutes of Health guidelines.
Postnatal day 7 (PN 7) (mean weight: 16.6+0.3 g), postnatal day 14 (PN 14)
(mean weight: 32.3+0.8 g) and mature rats (mean weight: 264.4+31.3 g) were
compared. Day of birth was considered postnatal day O (PN 0). PN 7 rats were
chosen as they have previously been shown to have dramatically reduced
numbers of granule cells and reduced numbers of juxtaglomerular neurons,
although relatively normal numbers of mitral cells (Brunjes and Frazier, 1986).
Many mitral cells at this age, however, have multiple apical dendrites extending
into more than one glomerulus (Malun and Brunjes, 1996). Similar results have
been described in mice, with the addition that some classes of olfactory receptor
neuron axons extend to more than one glomerulus at this age, before being

pruned back in older mice (Zou et al., 2004).
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Olfactory bulb physiology. For local field potential (LFP) and single-unit
mitral/tufted cell recordings, animals were anesthetized with urethane (1.5gm/kg)
and placed in a stereotaxic apparatus. Upon exposure of the skull, a small hole
was drilled over the left olfactory bulb for bulbar recordings or over the left
anterior piriform cortex (aPCX) for cortical recordings. LFP and single-unit
recordings at all ages were aimed at a similar dorsomedial region of the olfactory
bulb. Another small hole was drilled posterior to the bulb allowing a tungsten
stimulating electrode to be placed in the ipsilateral lateral olfactory tract for
identification of mitral/tufted cells through antidromic activation. A piezoelectric
monitor strapped around the animal’'s chest monitored respiratory activity
throughout the experiment. The output was then sent to a window discriminator
allowing the odorant pulse to be delivered on the transition of the inspiration—
expiration cycle. Animals were placed on a heating pad to maintain constant
body temperature.

Field potential recordings were made with tungsten microelectrodes (bulb)
(5 Mohms, A-M Systems, Carlsburg, WA) or stainless steel wire (cortex) (0.3mm,
Teflon coated, A-M Systems, Carlsburg, WA). All  penetrations were
approximately perpendicular to the brain surface. Signals were amplified 1000x,
band pass filtered (0.1-10,000 Hz), acquired at 500Hz, and analyzed using Spike
2 software (Cambridge Electronic Design, Cambridge, UK). Spectral analysis
was performed on 3-sec windows of data immediately prior to and following
odorant onset using fast Fourier transforms following application of a Hanning

window. Odor-evoked power spectra were normalized to the baseline pre-odor
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power for each frequency to facilitate comparisons of relative odor-evoked power
increases for each frequency band for each age.

A small number of animals were also used to confirm that differences in
local field potential activity across age did not simply reflect differences in
anesthetic state. Animals (PN7) were anesthetized with pentobarbital and had
chronic indwelling stainless steel electrodes implanted into the olfactory bulb, and
were allowed to recover (Wilson and Sullivan, 1990). Odor-evoked local field
potential activity was analyzed as described for anesthetized animals.

Single-unit recordings were made with tungsten microelectrodes (5
Mohms, A-M Systems, Carlsburg, WA). Signals were amplified, band pass
filtered (300Hz-10kHz), acquired at 25kHz and analyzed using Spike 2 software
(Cambridge Electronic Design, Cambridge, UK). Responses to a homologous
series of ethyl esters were compared in a total of 77 cells from PN 7 and mature
rats. Only cells showing excitatory responses to at least 1 of the ethyl esters
presented were used in this study. For all RF mapping, animals were given 2-
second odor pulses delivered in pseudo-random order. Response magnitudes
were calculated by subtracting the number of spikes during a 4-second pre-
stimulus period from the number of spikes during each 4-second odorant
presentation. In most animals, odorants were presented at least twice and the
mean response for each odorant was used. To allow for comparisons of overall
RF shape, normalized RF’s were obtained by calculating response magnitudes
for each odorant as a percentage of the best-odorant response magnitude as

previously described (Fletcher & Wilson, 2003).
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Mean single-unit spontaneous activity was calculated from the
spontaneous firing rate of each cell for each 4-second period immediately
preceding all odor presentations. Odor-evoked mitral/tufted cell mean maximum
instantaneous firing frequency was calculated from the maximum firing rate of
each cell for each 4-second period immediately following odor onset. Analysis
for relating spike activity to respiratory cycle was calculated by constructing
phase histograms of unit activity relative to the respiratory cycle for 4 seconds
following each odor onset. Mean vectors describing unit activity and respiratory
cycle phase relationships were determined and compared across ages, as
described in (Wilson, 1998), with a vector length of O representing no phase
relationship between unit activity and respiration and a vector length of 1
representing phase lock between respiration and unit activity.

Odor discrimination. Postnatal day 7 (n=7), postnatal day 14 (n=11), or
mature rats were used (n=9). For PN 14 and mature animals, telemetry devices
were used to measure heart-rate (Data Sciences International, St. Paul, MN).
The devices were implanted subcutaneously on the dorsal surface under sodium
pentobarbital anesthesia (50mg/kg). Upon recovery from the anesthetic, the PN
14 pups were placed back with their mothers for 2 days. For PN 7 rats,
subcutaneous electrodes were implanted under isoflurane anesthesia as
described previously (Fletcher and Wilson, 2001). Upon recovery pups were
placed in the testing chamber and allowed a 15 min. recovery period before
testing. Animals were given 4 sec presentations of the odorants. Only animals

displaying heart-rate drops to at least 2 odors were used. In these animals, one
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odor was chosen as the habituating odor. Habituation consisted of 20, 4 sec
odor presentations given every 10 sec. Upon habituation, the other odors were
presented again. The final habituation and cross-habituation magnitudes were
calculated as a percentage of the initial heart-rate drop for that odor.

Odorant stimulation. For all experiments, odorant concentrations were
150 parts per million (ppm). Odorants were delivered by passing a stream of
humidified, charcoal-filtered air through vials containing each odorant using a
flow dilution olfactometer. Odorants used were ethyl acetate, ethyl propionate,
ethyl butyrate, ethyl valerate, ethyl hexanoate, ethyl heptanoate, ethyl octanoate,

methyl butyrate, propyl butyrate, and isoamyl acetate (Sigma, St. Louis, MO).

RESULTS

Odor stimulation evoked quite different oscillatory activity in the olfactory
bulbs of 7 day-old as compared with mature rats. As can be seen in Figure 1A,
the majority of odor-evoked activity seen in the olfactory bulb of PN 7 rats
consisted of the same low frequency oscillations seen before odor onset as well
as a minimal beta band (15-40 Hz) response and essentially no detectable
gamma band (40-75 Hz) activity (Figure 1B). The odor-evoked LFP recorded in
the mature olfactory bulb showed much greater oscillatory bursts per respiratory
cycle (Figure 1A). These oscillatory bursts contained greater beta (15-40 Hz)

and gamma (40-75 Hz) band activity in the mature olfactory bulb (Figure 1B).
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Figure 1. Examples of olfactory bulb local field potentials (LFP) recorded before
and during a 2 second presentation of isoamyl acetate (150 ppm dilution). A,
Raw signal recorded from the olfactory bulb of a 7 day-old and a mature rat
respectively. The horizontal bar indicates odor presentation. B, Power spectra
for the odor-evoked oscillations taken from LFP examples above. Note that the
majority of odor-evoked activity in the PN 7 rat is in the lower frequency ranges
with a minimal beta band (15-40 Hz) response and no gamma band (40-75 Hz)
activity as compared to the mature rat analysis showing a relatively large
increase in both beta and gamma band odor-evoked activity.
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Mean raw power spectra (Figure 2A) for the odor-evoked oscillations
demonstrate that the majority of odor-evoked activity in the PN 7 rat is in the
lower frequency ranges. This consisted of a minimal beta band response and
very little gamma band activity as compared to the mature rats in which there
was a relatively large increase in both beta and gamma band odor-evoked
activity. Mean raw power spectra were normalized to account for differences in
overall baseline power across age. The normalized data again showed the
overall trend of increases in both odor-evoked beta band and gamma band
power in mature rats, whereas the PN 7 rats had a slight increase in odor-evoked
beta band activity with a very large relative increase in lower frequency
oscillations (Figure 2B).

Time-frequency comparisons of total beta and gamma band activity by
respiratory cycle showed much greater odor-evoked oscillatory activity in mature
rats as compared to PN 7 rats (Figure 3). In PN 7 rats, odor stimulation induced a
slight, but significant increase in the beta frequency range power (ANOVA: odor
evoked beta, F(7,63)=2.1, p=0.05) with no significant increase in odor-evoked
gamma activity (ANOVA: odor-evoked gamma, F(7,63)=1.4, ns) (Figure 3A). In
contrast, odor stimulation in the mature rats elicited a strong increase in beta
band oscillations (ANOVA: odor-evoked beta, F(7,63)=5.3, p < 0.05) as well as
an increase in gamma frequencies not seen in the young animals (ANOVA: odor-

evoked gamma, F(7,63)=2.5, p<0.05) (Figure 3B). There was significantly
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Figure 2. Comparison of olfactory bulb LFP activity in infant and mature rats
presented with isoamyl acetate (150 ppm dilution). A, Mean power spectra of
odor-evoked LFP oscillations in the olfactory bulb of 7 day-old and mature rats.
Mean power spectra before (pre: thin line) and during (thick line) a 2 sec odor
stimulus (post). Note the increase in odor-evoked beta and gamma band
oscillations in mature rats as compared to 7 day-old rats. B, Mean relative power
spectra of odor-evoked LFP oscillations in the olfactory bulb of 7 day-old and
mature rats. Mean change in power spectra during a 2 sec odor stimulus relative
to pre-odor was expressed for each frequency band relative to the mean baseline
power for each frequency within each animal to emphasize difference in odor-
evoked power spectra between ages. Mean odor-evoked oscillations increase in
the beta (light gray) and gamma (dark gray) bands in the mature rats as opposed
to the theta/low beta activity seen in pups. Inset depicts an enlargement of
gamma power for PN 7 rats plot on the same power scale as the mature data.
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Figure 3.

Comparison of the total mean power in the beta (15-40 Hz) and gamma (40-75
Hz) frequency bands for each respiratory cycle during odor stimulation in PN 7
and mature rats. P1-P4: represents 4 respiratory cycles immediately before odor
onset; O1-O4: represents 4 respiratory cycles during odor stimulation. Mean
baseline (pre-odor) power spectra were calculated over 4 sniff cycles (P1-P4)
with power spectra before and during (O1-0O4) a 2 sec odor stimulus expressed
as a percent of this baseline activity. Odor stimulation elicits stronger beta and
gamma frequency responses in the mature rats. Error bars denote + standard
error.
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greater odor-evoked beta and gamma power in the mature rats as compared to
the PN 7 rats (ANOVA: main effect of age, F(1,36)=9.4, p<0.05).

Differences in odor-evoked LFP activity across age were also seen
in the piriform cortex. The majority of odor-evoked activity seen in the piriform
cortex of PN 7 rats consisted of beta band (15-40 Hz) response and no
detectable gamma band (40-75 Hz) activity (Figure 4A). Time-frequency
comparisons show oscillatory bursts contained much more odor-evoked beta
band oscillatory activity and no significant detectable odor-evoked gamma band
activity in both PN 7 (ANOVA: odor-evoked beta, F(7,49)=4.9, p<0.05; odor-
evoked gamma: F(7,49)=2.1, ns) (Figure 4C) and mature rats (ANOVA: odor-
evoked beta, F(7,49)=3.3, p<0.05; odor-evoked gamma: F(7,49)=1.7, ns) (Figure
4D). The odor-evoked LFP’s seen in the mature piriform cortex showed much
greater oscillatory bursts per respiratory cycle than that seen in the PN 7 piriform
cortex and there was significantly greater odor-evoked beta band power in the
mature rats as compared to the PN 7 rats (ANOVA: main effect of age,
F(1,28)=8.9, p<0.05).

Comparisons of single-unit mitral/tufted cell spontaneous and odor-evoked
activity revealed differences across age (Figure 5). Of the 77 total cells
recorded, 15 cells in each age group responded to at least one ethyl ester and
thus are included in the analysis here. Mean single-unit spontaneous activity
was significantly greater in the mature rats than in PN 7 rats (mean spontaneous
activity: mature = 10.0+1.3 Hz; PN 7 = 0.4+0.2 Hz; unpaired t- test: t(28)=-7.6,

p<0.05) (Figure 5A). Overall, odorants appeared to elicit more robust responses
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Figure 4. Examples of piriform cortex local field potentials (LFP) recorded before
and during a 2 second presentation of isoamyl acetate (150 ppm dilution). A,
Raw signal recorded from the piriform cortex of a 7 day-old rat. B, Raw signal
recorded from the piriform cortex of a mature rat. The horizontal bar indicates
odor presentation. C, D, Comparison of the total power in the beta (15-40 Hz)
and gamma (40-75 Hz) frequency bands for each respiratory cycle during odor
stimulation in PN 7 and mature rats. Mean baseline (pre-odor) power spectra
were calculated over 4 sniff cycles (P1-P4) with power spectra before and during
(01-04) a 2 sec odor stimulus expressed as a percent of this baseline activity.
The majority of odor-evoked piriform cortex activity in PN 7 and mature rats is in
the beta (15-40 Hz) frequency ranges with minimal gamma band (40-75 Hz)
activity.
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in the mature rats (mitral/tufted cell mean odor-evoked maximum instantaneous
firing rate: mature = 242.3+30.8 Hz; PN 7 = 39.0£11.7 Hz) (Figure 5B). At PN 7,
mitral/tufted activity was significantly more strongly in phase with respiration than
mature mitral/tufted cell activity (mean vector length: PN 7=0.30+0.05,
mature=0.15+0.06, Mann Whitney: U=44.0, p<0.05) (Figure 5C). Thus,
mitral/tufted cells in PN7 rats displayed low levels of spontaneous activity, less
robust odor-evoked activity, and activity more tightly in phase with respiration
than cells in mature rats. Surprisingly, no significant differences were detected in
the normalized mitral/tufted cell receptive fields (Figure 5D) to a homologous
series of equal concentration ethyl esters between age groups (ANOVA: main
effect of odor, F(4,109)=18.6, p<0.05; main effect of age, F(1,109)=1.2, ns; odor
by age, F(4,109)=1.5, ns).

In spite of the significant differences seen in odor-evoked activity in both
the olfactory bulb and piriform cortex of PN 7 and mature rats, animals at all ages
tested were able to discriminate ethyl esters using a heart-rate orienting
response habituation/cross-habituation paradigm (Figure 6). Animals of all ages
habituated to a single ethyl ester were able to discriminate structurally similar
ethyl esters (ANOVA: main effect of age, F(2,84)=0.24, ns; main effect of odor:
F(2,84)=15.78, p< 0.05, no significant age x odor interaction). Post hoc Fisher's
analysis revealed a significant difference between the response magnitude to the
habituated odor and to ethyl esters 1 and 2 carbons longer for each age, p<0.05.

Since this study compared odor-evoked LFP activity in urethane-

anesthetized animals to odor acuity in awake animals, a small number of awake
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Figure 5. Mitral/tufted cell single unit activity in PN 7 and mature rats. A,
Spontaneous activity was significantly elevated in adult rats compared to cells in
PN 7 rats. B. Odor-evoked activity induced significantly higher firing rates in
mature rats compared to PN 7 cells. C, Single-unit activity was significantly more
tightly in phase with respiration in PN 7 rats than cells in mature rats. D,
Mitral/tufted cell single-unit odorant receptive fields to a homologous series of
ethyl esters (150 ppm) were not significantly different between cells in PN 7 and
mature rats. Asterisks indicate significantly greater mean spontaneous activity in
mature rats. Error bars represent standard error.
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olfactory bulb LFP recordings in PN 7 rats (n=3) were also performed under
temperature and odor-stimulation conditions identical to the behavioral odor
discrimination task. This was done to investigate any possible differences in LFP
power in awake animals as well as differences related to body temperature.
Although olfactory bulb LFPs from awake animals showed greater odor-evoked
beta band oscillatory power than the anesthetized animals, no differences in
odor-evoked gamma band activity were seen between anesthetized and awake
PN7 rats (ANOVA: condition x frequency, F(1,22)=10.5, p<0.05; post hoc

Fisher’s test for beta power, p<0.05, gamma, ns).

Discussion

Olfactory bulbs with reduced local interneurons may be expected to have
poor odor quality coding according to either the spatial or temporal odor coding
hypotheses. Together, these two often diametrically opposed hypotheses should
predict that infant rats would be deficient in odor discrimination as compared to
mature animals, given the anatomical and functional immaturity of the infant rat
olfactory system. This, however, was not the case. Based on data presented
here, infant rats discriminate similar odors just as well as mature rats despite the
restricted number of local interneurons and lack of odor-induced gamma
oscillations compared to adults. These results raise questions as to the role of
both local olfactory bulb interneurons and olfactory bulb LFP high frequency

oscillations in odor discrimination.
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Figure 6. Discrimination of novel ethyl esters of different carbon chain length by
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PN 7, PN 14, and mature rats using a heart-rate orienting response
habituation/cross-habituation paradigm. The amount of habituation (0O carbon
difference) as well as the response magnitude to the cross-habituated odors is
expressed as a percentage of the initial heart-rate drop for that odor. Animals at
all ages can discriminate ethyl esters differing by a single carbon at the 150ppm
concentrations. Asterisks represent significant difference from habituated odor
response. Error bars represent standard error.
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Odor-evoked olfactory bulb local field potential oscillations differ with age.

Odor-evoked LFP oscillations showed a strong age-dependent change in
dominant frequencies between infant and mature rats. In PN 7 rats, odor
stimulation evoked a small increase in lower end beta band activity but no
detectable increase in gamma oscillations, whereas in mature animals, odor
stimulation evoked significantly larger beta and gamma responses (Figure 2).
The lack of odor-evoked gamma oscillations was observed in both urethane
anesthetized and awake pups. Similar results were seen in a previous study of
spontaneous olfactory bulb LFPs in awake rats in that infants displayed a
dominant frequency at ~11Hz on PN 6 with very little beta and gamma frequency
oscillations and adults were found to have dominant frequencies well within the
beta and gamma frequency ranges (Almli et al., 1985).

Since olfactory bulb gamma oscillations are generated by mitral/tufted-
granule cell reciprocal interactions (Rall and Shepherd, 1968; Eeckman and
Freeman, 1990; Neville and Haberly, 2003; Lagier et al., 2004), it is not
surprising that infant rats would exhibit reduced odor-evoked oscillations
considering that the number of granule cells is only about 40% of the adult
number (Rosselli-Austin and Altman, 1979; Bayer, 1983) and most do not reach
adult-like morphology until the third postnatal week (Mair et al., 1982; Frazier-
Cierpial and Brunjes, 1989). The immature granule cell population combined
with largely unmyelinated mitral cell axons at this age (Schwob et al., 1984) could
lead to a greatly reduced olfactory circuit that is incapable of generating the fast

oscillations seen in the adult.
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Differences in odor-evoked beta and gamma band activity were also seen
in the piriform cortex (Figure 4). Although there was no age-dependent change in
dominant frequency, odor-evoked changes between ages were seen. Most
notably, adult rats showed stronger odor-evoked beta band power as compared
to the infants. This could be due to slower conduction velocities of unmyelinated
mitral cell axons and delayed maturation of cortical inhibition seen in infant rats
(Schwob et al., 1984).

Olfactory bulb mitral/tufted cell activity differs between ages, yet ORFs
remain similar.

Single-unit mitral/tufted cell spontaneous and odor-evoked activity differed
between ages (Figure 5). Spontaneous activity was much greater in mature rats
than in infants. This is consistent with other reports of mitral/tufted cell activity
increasing with age (Math and Davrainville, 1980; Shafa et al., 1981; Mair and
Gesteland, 1982; Wilson and Leon, 1986). Similarly, odorants appeared to elicit
more robust responses in mature rats as measured by instantaneous firing rates.
Mitral/tufted cell firing in relation to the respiratory cycle also differed between
ages. At PN 7, mitral/tufted activity was significantly more in phase with
respiration than mature mitral/tufted cell activity. These results suggest that the
temporal response patterns of infant mitral/tufted cells more closely reflect
olfactory receptor input than that of mature animals, perhaps due to reduced
local circuit and cortical feedback activity in neonates.

Despite  differences in spontaneous activity and odor-evoked

instantaneous firing rates, no dramatic differences were observed between infant
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and mature single-unit mitral/tufted ORFs. Infant and adult rat mitral/tufted cell
ORFs had a single best odorant with similar odorants evoking relatively smaller
responses. This suggests that mitral/tufted cell responses to a particular odorant
in relation to other related odorants are similar in infants and mature animals,
again despite major differences in local circuit anatomy across ages.
Discrimination of structurally similar esters is similar in infants and mature
rats.

Despite the differences in olfactory bulb odor-evoked activity, no
difference in discriminatory ability was observed, with animals at all ages capable
of discriminating 1- and 2-carbon odorants at 150 ppm concentration. These
results show infant rats’ olfactory acuity to be equal to that of mature animals in a
simple odor discrimination task. In light of the differences between infant and
mature rat olfactory bulb odor-evoked oscillatory activity, these results raise
questions as to the role of granule cells and gamma frequency oscillations in
olfactory odor coding.

Odor coding and odor discrimination in neonates.

Our results support the view that changes in firing rates of spatially
defined mitral/tufted cells may be sufficient for simple odor quality coding in the
mammalian olfactory bulb. In this view the olfactory bulb acts as an odorant
feature detector in which different features of a specific odorant activate specific
sets of glomeruli and their corresponding mitral/tufted cells (Mori et al., 1999;
Leon and Johnson, 2003). The piriform cortex then integrates these subsets of

active cells (features) into perceptual wholes (Wilson and Stevenson, 2003), thus
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enabling the animal to discriminate a variety of odorants. This basic circuitry is
relatively intact by PN7 in the rat, as is simple odor discrimination of similar
odorants. Large populations of local interneurons, and the LFP high frequency
oscillations dependent on those interneurons, are not present at PN 7, and yet
there is no corresponding deficit in behavioral or mitral/tufted cell odorant
discrimination. These results are consistent with findings in both Manduca moths
(Christensen et al., 1998) and zebrafish (Friedrich et al., 2004) that odor-evoked
synchronous output neuron oscillatory activity is not required for odor identity
coding.

Odor-specific spatial patterns of glomerular activity are apparent at birth
and do not change dramatically over the postnatal period, while spatial patterns
of mitral cell activity are more diffuse early in development and then become
spatially restricted with maturation (Astic and Saucier, 1981; Guthrie and Gall,
2003). The restriction of spatial patterns of mitral cell activity may reflect the
increased numbers of inhibitory interneurons (Brunjes and Frazier, 1986) and/or
the pruning of olfactory receptor axons (Zou et al., 2004) and mitral cell apical
dendrites during the first and second postnatal weeks (Malun and Brunjes, 1996).
Nonetheless, the present results suggest that spatial coding alone may be
sufficient for discrimination between monomolecular compounds in the absence
of background stimuli, intensity shifts, or complex odor plume dynamics. LFP
high frequency oscillations, on the other hand, may indicate processing that is

not required for simple discrimination.
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Furthermore, work from a variety of behavioral paradigms has suggested
that olfactory bulb LFP oscillations, rather than simply reflecting odor quality
encoding, may reflect behavioral state, past experience and odor expectancy
(Freeman and Schneider, 1982; Gray and Skinner, 1988; Ravel et al., 2003). For
example, in highly trained animals, gamma frequency oscillatory activity is often
most pronounced prior to odor onset, at a time when the animal is preparing to
sample the odor (Ravel et al., 2003). Similarly, Freeman has demonstrated that
olfactory bulb spatial patterns of LFP oscillations (largely reflecting mitral-granule
cell interactions) are not odor-specific, but rather reflect past associations and
memory (Freeman and Schneider, 1982).

These data suggest strong top-down influences on olfactory bulb LFP
oscillations, which may not be expected to dramatically affect simple
discrimination of novel odorants. Freeman suggests this cortical feedback may
create expectancy-based templates of local interneuron (granule cell) activity,
upon which the receptor afferent activity is imposed (Freeman and Schneider,
1982). In situations such as the well-learned tasks described above, this
feedback could then facilitate odor recognition and discrimination. In other
situations, such as the simple discrimination of novel odorants used here, such
feedback (and the resulting high frequency oscillations) may be less critical for
optimal discrimination performance. Current work is focused on applying this
model to investigate the effects of expectation and attention on odor
discrimination in infant rats, with the hypothesis that neonates may be specifically

impaired in expectancy based effects on olfactory behavior.
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The results observed here are reminiscent of the extensive literature on
the effects of olfactory bulb lesions on simple odor discrimination by Slotnick and
co-workers (e.g., (Slotnick and Bisulco, 2003; Slotnick et al., 2004). There is
clear evidence that odorants evoke unique spatial patterns of glomerular layer
activity in the olfactory bulb, but that large lesions within these patterns have no
detectable effect on simple discrimination. These findings suggest that
discrimination between monomolecular compounds, in the absence of
background stimuli, intensity shifts or complex odor plume dynamics, is a
remarkably simple task for the vertebrate olfactory system — a task easily solved
by even a greatly reduced system (ontogenetically or experimentally).

The question remains then, given that the olfactory system can function
apparently well despite restricted numbers of interneurons and associated LFP
oscillations compared to the mature system, what is the role of these additional
cells? It should be noted that in the mature mammalian olfactory bulb, the ratio
of numbers of output neurons to juxtaglomerular neurons is 1:20 and output
neurons to granule cells is 1:50 or higher (Shepherd, 1998). These ratios are
extremely different than what is found in the mammalian thalamus (Shepherd,
1998) and mammalian neocortex (Shepherd, 1998), which all express the
reversed ratio of output neurons to local interneurons of approximately 3:1. The
mammalian olfactory bulb appears to be an extreme outlier in terms of local
interneuron numbers, though it clearly functions relatively well on simple tasks
with many fewer interneurons. The apparent robust redundancy and complexity

of the mature olfactory system, therefore, may reflect the fact that odor-guided
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behavior normally requires much more sophisticated computation than is

required for simple odor discrimination.
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Chapter 4

Ontogeny Of Odor Discrimination: Intensity Modulation Of Olfactory Acuity
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Abstract

Olfactory acuity can be modulated by several factors including past
experience, expectation and stimulus intensity. Although imaging data appear to
predict reduced olfactory acuity as stimulus intensity increases, behavioral data
suggest just the opposite — enhanced odorant discrimination with increasing
intensity. In light of these data, it has been argued that olfactory bulb local
interneuron function may modulate olfactory acuity with respect to intensity. If this
is the case, then neonatal rats, with severely limited numbers of periglomerular
and granule interneurons, should exhibit predictably different patterns of intensity
modulation of olfactory acuity than mature rats. To investigate this, odor
discrimination was compared in week-old and post-weaning rats.

Odorant discrimination was determined using a cross-habituation task with
odor-evoked heart-rate orienting responses as the behavioral measure. This task
requires no prior training, and can be expressed by animals during the first
postnatal week; thus it is ideal for the study of odor discrimination ontogeny. A
homologous series of ethyl esters were used as stimuli at 75, 150 and 300 ppm.
In post-weaning rats, olfactory acuity increased with moderate stimulus intensity,
but decreased as intensity increased to 300 ppm. In week-old rats, however,
acuity was greatest at the lowest intensity and was reduced as odor intensity
increased.
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Introduction

One of the central tasks of the olfactory system is to selectively
discriminate between olfactory stimuli. In any environment, a given odorant may
be present at different concentrations or intensities at different times and
locations. For example, odorant concentrations may be very high at their source,
yet relatively weak some distance away. Thus, for animals dependent upon
olfaction, it is necessary to be able to reliably discriminate many odorants at a
variety of concentrations.

Odor perception begins with odorants binding to several different olfactory
receptor neurons in the epithelium (Araneda et al., 2000; Mombaerts, 2004).
This subset of activated sensory neurons forms the basis of the combinatorial
odor code that is mapped onto the glomerular layer of the olfactory bulb. In this
way, the pattern of glomerular activation would represent a collection of odor
features that represent the odor percept. Odor-evoked glomerular activity maps
have been found to be similar for perceptually similar odorants yet individually
distinct for any given odorant (Linster et al., 2001; Leon and Johnson, 2003).
Imaging of glomerular activity at different intensities has shown an increasing
degree of representational overlap as odorant concentration increases.
Therefore, increased odor representational overlap within the olfactory bulb could
possibly lead to reduced olfactory acuity as stimulus intensity increases (Johnson
and Leon, 2000; Xu et al., 2000; Bozza et al., 2004).

Behavioral data, however, suggests just the opposite — enhanced odorant

discrimination with increasing intensity (Cleland and Narla, 2003; Wright and
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Smith, 2004). These studies imply that the increasing overlap among glomerular
activation patterns at higher concentrations does not adversely affect perceptual
acuity. In light of these data, it has been argued that contrast enhancement in
the olfactory system is dynamic, depending on olfactory bulb interneuron function
to modulate olfactory acuity with respect to intensity (Fletcher et al., 2005a). In
this model, at high odorant concentrations, the most active glomerular columns
would inhibit neighboring glomerular columns through inhibitory periglomerular
cells or deeper granule cell populations (Luo and Katz, 2001; Aungst et al.,
2003).

Neonatal rats provide an excellent system for testing this model in that
they possess limited numbers of periglomerular and granule interneurons in the
first week of life (Brunjes et al., 1982; Bayer, 1983; Frazier and Brunjes, 1988),
yet display adult-like mitral/tufted cell odor receptive fields (Fletcher et al.,
2005b). Due to their lower number of interneurons, and thus lack of adult-like
inhibition, infant rats would be expected to exhibit predictably different patterns of
intensity modulation of olfactory acuity than mature rats. To investigate this, odor
discrimination was compared in week-old and post-weaning rats using a

homologous series of ethyl esters at three different intensities.
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Methods
Subjects. Male and female Long-Evans hooded rats were tested at either the
end of the first postnatal week (PN6-7) (n=23) or postweaning (PN 21-24) (n=26).
Subcutaneous telemetry devices or recording electrodes were implanted under
anesthesia as previously described (Fletcher and Wilson, 2001; Fletcher et al.,
2005b). Upon recovery pups were placed in the testing chamber and allowed a
15 min. recovery period before testing.
Odor discrimination. Animals were given 4-sec presentations of the odorants.
Only animals displaying heart-rate drops to at least 2 odorants were used. In
these animals, one odorant was pseudorandomly chosen as the habituating
odorant. Habituation consisted of 20, 4 -sec odorant presentations given every
10 sec. Upon habituation, each of the odorants was presented again. The final
habituation and cross-habituation magnitudes were calculated as a percentage of
the initial heart-rate drop for that odor. For comparison across concentrations, a
discrimination index was calculated by subtracting the habituated response
magnitude from the cross-habituated response magnitude.
Odorants. Odorants were delivered at 75 ppm, 150 ppm, or 300ppm by passing
a stream of humidified, charcoal filtered air through vials containing each odorant
using a flow dilution olfactometer. Odorants used were ethyl acetate, ethyl

propionate, ethyl butyrate, ethyl valerate, ethyl hexanoate, and ethyl heptanoate.
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Results
Discrimination of novel ethyl esters of different carbon chain length by

week old and post-weanling rats was investigated by using a heart rate-orienting
response habituation/cross-habituation paradigm. On average, the magnitude of
self-habituation was independent of age or concentration across range used
here.

Examination of cross-habituation between novel esters revealed that
animals at both ages could discriminate ethyl esters at the 150 ppm
concentration (ANOVA: main effect of odor, Fp2 144y = 23.8, p < 0.05; posthoc
Fisher's tests revealed significant differences between the self- and cross-
habituated odor response magnitudes for the 1-carbon and 2-carbon difference,
p < 0.05) (Figure 1).

Interestingly, there appears to be age-related differences in discriminating
ethyl esters at the low concentration, 75 ppm. While both ages could make 2-
carbon discriminations at 75 ppm, only the younger animals were capable of
making a 1-carbon discrimination, suggesting greater acuity at lower
concentrations (ANOVA: concentration x age, Fp, 144y = 4.4, p < 0.05; posthoc
Fisher’s test for week old 1-carbon discrimination: p < 0.05; week old 2-carbon
discrimination: p < 0.05; for weanling 1-carbon discrimination: NS; weanling 2-
carbon discrimination: p < 0.05) (Figure 1). Neither age group could reliably
discriminate a 1- or 2-carbon difference at 300ppm (ANOVA: main effect of odor,

F2, 144y = 23.8, p < 0.05; posthoc Fisher’s tests revealed no differences between
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the self- and cross-habituated odor response magnitudes for the 1-carbon and 2-
carbon difference, NS) (Figure 1).

As stated above, there were no significant differences in self-habituation
between either age at any concentration (ANOVA: concentration x age, F44) =
0.87, NS) (Figure 2A). To facilitate comparison across ages and concentrations,
a discrimination index was calculated by subtracting the habituated response
magnitude from the cross-habituated response magnitude. Since the main
differences in acuity between the ages were seen for the 1-carbon discrimination,
only the discrimination indices for 1-carbon differences are presented here
(Figure 2B). As can be seen, odor acuity in neonates decreased at the highest
odorant intensity only, while mature rats showed an initial increase in acuity with
increasing stimulus intensity but a decrease in acuity at the highest intensity
(ANOVA: main effect of concentration, F 65 = 4.2, p < 0.05; posthoc Fisher’s
tests revealed significant differences in acuity at 150 ppm in the postweanling
age group, p< 0.05; as well as significant differences in acuity at 300 ppm for the
week-old animals, p < 0.05). Overall, these results suggest differences in
olfactory acuity as a function of age and odorant intensity with young animals

capable of making fine odor discriminations at lower odorant intensities.
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Figure 1. Discrimination of novel ethyl esters of different carbon chain length by
week old and post-weanling rats using a heart rate-orienting response
habituation/cross-habituation paradigm. The amount of self-habituation (0
carbon difference) as well as the response magnitude to the cross-habituated
odors is expressed as a percentage of the initial heart rate drop for that odor.
Animals at all ages can discriminate ethyl esters differing by a single carbon at
the 150 ppm concentration. However, only the younger animals were capable of
making a 1-carbon discrimination at 75 ppm, suggesting greater acuity at lower
concentrations. Neither age group could reliably discriminate a 1- or 2-carbon
difference at 300ppm. Asterisks represent significant difference from habituated
odor response. Error bars represent SE.
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Figure 2. Self- and cross-habituation magnitudes for each concentration for both
ages. A. The magnitude of self-habituation was independent of age or
concentration across range used here. There were no significant differences in
self-habituation between any group. B. Thus, the magnitude of cross-habituation
for each intensity is shown below to facilitate visual comparisons across
intensities. Though the absolute maximal levels of cross-habituation varied
across ages, odor acuity in neonates decrease with increasing odorant intensity,
while mature rats showed an initial increase in acuity with increasing stimulus
intensity. At the highest intensity used here, however, even mature rats showed
decreased acuity (increased cross-habituation). Asterisks represent significant
difference from other discrimination indices. Error bars represent SE.
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Discussion
In this study, olfactory acuity for young and older animals was dependent

upon odor intensity. Over the intensity range tested here, older rats showed an
inverted-U shaped relationship between acuity and stimulus intensity. As
stimulus intensity increased, olfactory acuity initially increased then decreased at
the highest intensity. In contrast, neonates showed a decrease in acuity as
intensity increased. These results are similar to other studies investigating odor
acuity at different intensities. In these studies using adult animals, odor acuity
increased with increased intensity (Cleland and Narla, 2003; Wright and Smith,
2004). Our results for the older, post-weanling animals fit well with these reports;
however, odor acuity-intensity relationships appear quite different in the
neonates.

Several mechanisms could account for the differences seen in acuity at
different intensities. For example, increasing concentration could lead to a larger
population of cells responsible for the odor code. Imaging studies of glomerular
activation by odorants at different concentrations have shown increased
glomerular representations with increased concentration (Johnson and Leon,
2000; Uchida et al., 2000; Meister and Bonhoeffer, 2001; Fried et al., 2002;
Bozza et al., 2004). These larger representations for each odorant could help
enhance odor differences and thus facilitate discrimination.

However, since glomerular activity maps reflect mainly presynaptic
activity, it is not known whether the increased glomerular representations seen at
higher concentrations lead to increased mitral/tufted cell recruitment. Inhibitory

interneurons such as periglomerular cells have been shown to modulate
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glomerular activity through mechanisms similar to lateral inhibition (Aungst et al.,
2003). In this way, highly active glomeruli could suppress other active glomeruli
to maintain representational fidelity even at higher concentrations. This is in line
with psychophysical and animal studies indicating that many odorants maintain
their perceptual qualities within a wide range of concentrations (Gross-Isseroff
and Lancet, 1988; Wright and Smith, 2004). However, this mechanism may only
function well within a certain range of concentrations. This may potentially
explain why the animals displayed decreased acuity at the highest
concentrations.

This shifting odor-evoked glomerular representation size in relation to odor
intensity could also account for the deficits seen in the older animals at the
lowest concentration. At very low intensities, the glomerular maps may be too
sparse to effectively code for an odor. In this way the patterns of activity may be
too similar for an animal to distinguish very similar odorants, such as those
differing by a single carbon.

This ability to discriminate a 1-carbon difference at the lowest intensity in
the neonates cannot be fully accounted for by changes in presynaptic activity
patterns. However, anatomical and physiological differences between neonatal
and mature rats may be able to account for the differences seen. For example,
neonates have less than half of the adult numbers of periglomerular and granule
cells (Bayer, 1983; Frazier and Brunjes, 1988). Given the extensive
interglomerular inhibitory circuitry the periglomerular cells participate in, it is

possible that interglomerular inhibition would be drastically reduced in neonatal
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rats, leading to larger odor representations within the glomerular layer, and thus
facilitate odorant discrimination.

Since a majority of periglomerular cells participate in postsynaptic
inhibition of mitral/tufted cell dendrites within each glomerulus (Toida et al., 1998;
Hayar et al., 2004), interglomerular inhibition may not be represented in odor-
evoked glomerular activation maps that are based on imaging studies of
presynaptic input. Thus, at the glomerular level, odor representations should be
similar across age. C-fos imaging studies support this idea, as neonatal odor-
evoked glomerular activity patterns are sharply defined, odor specific, and similar
to older animals (Guthrie and Gall, 2003).

Based on this, one may expect the majority of age-related differences in
odor-evoked responses to be seen at the level of the olfactory bulb output
neurons, the mitral/tufted cells. Although most mitral/tufted cells appear
anatomically mature by PN 7 (Malun and Brunjes, 1996; Matsutani and
Yamamoto, 2000), their physiological properties are distinct from mature animals
(Math and Davrainville, 1980; Shafa et al., 1981; Mair and Gesteland, 1982;
Fletcher et al., 2005b). For example, both mitral/tufted cell spontaneous activity
and odor-evoked activity are much lower in neonatal animals as compared to
adults (Math and Davrainville, 1980; Fletcher et al., 2005b). Assuming odor
coding relies, at least somewhat, on firing rate, neonatal mitral/tufted cells may
be more efficient in responding to weaker olfactory nerve input because their
baseline spontaneous activity levels are near zero. In this way, very low intensity

odorants would result in higher signal-to-noise ratios in neonatal animals. This
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could result in increased acuity at low concentrations as compared to older
animals.

In addition, although granule cell inhibition of mitral cell activity is present
in the first week of life (Wilson and Leon, 1986), it is certainly reduced as infant
rats lack the high frequency oscillatory activity seen in adults that is associated
with mitral-granule cell reciprocal interactions (Salas et al., 1969; lwahara et al.,
1973; Almli et al., 1985; Fletcher et al., 2005b). At this point it is unclear if this
reduced inhibition contributes to the increased neonatal odor acuity at the lowest
intensity as compared to older animals.

Based on the results reported here, it appears that neonatal animals
posses greater olfactory acuity at low odor intensities as compared to more
mature animals. This ability may stem from the developmental differences seen
between the two ages, although the exact mechanism responsible for the
differences is not known. Overall, these results suggest that neonatal rats show
no deficits in simple olfactory acuity tasks despite a somewhat reduced olfactory

circuit.
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Chapter 5

Conclusions
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In summary, the research presented here extends my previous work in
both perceptual learning and ontogeny of olfactory coding and discrimination
(Fletcher and Wilson, 2001; Fletcher and Wilson, 2002). Olfactory bulb
mitral/tufted cell odorant receptive fields were found to shift toward the
experienced odorant within one hour following exposure. These results suggest
that odorant experience can shape olfactory bulb odor coding and may be partly
responsible for the increased acuity seen in the behavioral perceptual learning
experiments above.

At this point, it is still unclear if the experience-induced shifts in
mitral/tufted cell RFs represent plasticity solely occurring within the olfactory bulb,
or if changes are occurring in multiple areas along the olfactory pathway. Given
the extensive centrifugal input from olfactory cortex that terminates within the
granule cell layer of the olfactory bulb, it would not be surprising if the RF
changes seen are mediated through feedback from olfactory cortex. This
hypothesis could be further investigated by blocking centrifugal input to the
olfactory bulb during the 50-sec odor-exposure. Another interesting question is
do the RF shifts seen in the anesthetized animals actually correlate with the
improved acuity seen in the awake animals? This could be addressed by
comparing mitral/tufted cell RFs in both trained and untrained animals.
Presumably, one might expect to find more mitral/tufted cells RFs shifted toward
the learned odor in the trained animals.

The second project detailed an examination of the ontogeny of odor

discrimination as well as the role of odor-evoked oscillations in odor coding.
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Recent work in invertebrates has suggested that high frequency oscillations may
play an important role in odor coding (Laurent, 1999). Infant rats, which lack a
majority of the circuitry involved in generating these oscillations, were found to
have no detectable odor-evoked gamma frequency activity as compared to
adults, while mitral/tufted cell odorant receptive fields were nearly identical
across age. In addition, infant rats were similar to adults in discriminating ethyl
esters differing by as little as a single carbon at 150 ppm concentration. These
results showed that despite a lack of odor-evoked gamma oscillations seen in the
adult, infant rats showed no deficits in simple odor discrimination tasks. This
suggests that high frequency oscillations may not be required for simple, novel
odor discrimination.

It would be interesting to further investigate the role high frequency
oscillations play in olfactory system odor coding. Studies in adult mammals have
shown olfactory bulb gamma oscillations are correlated with behavioral context
and can increase prior to odor sampling in animals trained in more complex odor
discrimination tasks (Freeman and Schneider, 1982; Gray and Skinner, 1988;
Ravel et al.,, 2003). Based on this, it is possible that patterns of bulbar
oscillatory activity could be influenced by centrifugal input from olfactory cortical
areas as well as other modulatory regions. These higher centers could prime the
bulb for odors having behavioral relevance based upon prior experience,
expectation, and attention. Based on this, neonatal animals may show deficits in

behavioral discrimination tasks involving expectation or attention.
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The final project of this dissertation further investigated the ontogeny of
odor acuity by comparing odor discrimination in weanling and neonatal rats. In
this experiment, odor acuity was examined at different odor concentrations.
Overall, the results showed that, unlike older animals, neonatal rats are capable
of making fine odor discriminations at low odor concentrations; while animals at
both ages could not make 1- or 2-carbon discriminations at the highest intensity
tested. Many mechanisms could explain the differences seen between the two
ages. For example, lower odor-evoked mitral/tufted cell signal-to-noise ratios
could contribute to the increased acuity at lower concentrations in neonatal
animals. Further experiments involving different ages, especially younger
animals, and a broader range of concentrations may help further understand the
differences seen.

Overall, the developmental studies outlined above provide evidence that
key olfactory questions may be better understood by comparing neonatal and
adult olfactory capabilities. By correlating know developmental and anatomical
insufficiencies with odor discrimination-related behavioral deficits, a better
understanding of the true mechanisms underlying odor coding can be elucidated.
In conclusion, the research outlined here provides evidence of a very dynamic
olfactory system in which physiological and anatomical changes brought on
through development and experience can have profound effects on olfactory bulb

odor coding and acuity.
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