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Natural odors, generally composed of many monomolecular components, are analyzed by peripheral
receptors into component features and translated into spatiotemporal patterns of neural activity in the olfac-
tory bulb. Here, we will discuss the role of the olfactory cortex in the recognition, separation and completion
of those odor-evoked patterns, and how these processes contribute to odor perception. Recent findings
regarding the neural architecture, physiology, and plasticity of the olfactory cortex, principally the piriform
cortex, will be described in the context of how this paleocortical structure creates odor objects.
Introduction
For most organisms, chemical cues in the environment (odor-

ants) guide behaviors critical for survival, including reproduction,

mother-infant interactions, finding food, and avoiding predators.

The basic components of olfactory systems which transduce

odorants into odor percepts have remained remarkably consis-

tent over millions of years of evolution and across varied ecolog-

ical niches. At the periphery is a diverse array of sensory recep-

tors tuned either to specific molecules (Jones et al., 2007; Suh

et al., 2004) or much more commonly to submolecular features

(Araneda et al., 2000). Sensory neurons expressing the same

odorant receptor converge onto glomeruli in the olfactory bulb

(vertebrates) or antennal lobe (invertebrates), producing a uni-

que, odorant-specific spatial pattern of activity in second order

neurons (Johnson and Leon, 2007; Lin et al., 2006). The odor-

evoked spatiotemporal pattern of second order neuron activity

is then projected to the olfactory cortical areas (vertebrates,

especially mammals) ormushroombodies (invertebrates), where

odor quality appears to be encoded in a sparse and distributed

manner in striking contrast to the spatial patterns in the olfactory

bulb (Perez-Orive et al., 2002; Rennaker et al., 2007; Stettler and

Axel, 2009). Several excellent reviews of olfaction, covering

topics from the periphery to perception have been recently pub-

lished (e.g., Davis, 2011; Gottfried, 2010; Mori and Sakano,

2011; Su et al., 2009).

Here, we focus on the mammalian olfactory cortex. The olfac-

tory cortex serves as point of anatomical convergence for olfac-

tory bulb output neurons, mitral/tufted cells, conveying informa-

tion about distinct odorant features extracted in the periphery.

This convergence is an important early step in the ultimate

formation of perceptual odor objects, such as the aroma coffee

or rose. Odor object formation, however also requires an experi-

ence-dependent process, largely mediated by plasticity of in-

trinsic intracortical association fibers that helps bind the activity

of ensembles of distributed, coactive cortical neurons respond-

ing to particular olfactory bulb output patterns. In addition to the

converging olfactory bulb projection onto individual cortical

neurons, this projection is also divergent, producing distributed

parallel processing streams to different subregions of the olfac-

tory cortex. Based on the anatomy of these divergent projection
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patterns and the anatomy and physiology of the diverse olfactory

cortical target structures, odorant information can be trans-

formed in a variety of ways to ultimately enrich odor perception

and motivate odor-guided behavior. Thus, the olfactory cortex

appears to play a crucial role in the translation of inhaled molec-

ular features into rich, emotion and memory tinged perceptions

called odors.

Basic Anatomy of the Olfactory Cortex
The olfactory cortex is defined as those forebrain areas receiving

direct olfactory bulb (mitral/tufted cell) input. In rodents this

includes the majority of the ventrolateral brain, ventral to the

rhinal fissure including the anterior olfactory nucleus, tenia tecta,

olfactory tubercle, cortical nuclei of the amygdala, anterior and

posterior piriform cortex and lateral entorhinal cortex (Cleland

and Linster, 2003). For the most part, these same regions can

be identified in the human brain as well, though they lie along

the ventromedial edge of the temporal lobe, at the base of the

olfactory peduncle. All regions of the olfactory cortex send pro-

jections back to the olfactory bulb. There are also strong com-

missural projections between the bilateral olfactory cortical sub-

regions via the anterior commissure. Thus, while the olfactory

sensory neurons project exclusively to the ipsilateral olfactory

bulb, cortical neurons have access to bilateral input (Kikuta

et al., 2008; Wilson, 1997).

With the exception of the lateral entorhinal cortex, the olfactory

cortex is paleocortical, primarily consisting of three layers

(Figure 1). Layer I is a plexiform layer which includes pyramidal

cell apical dendrites and themitral/tufted cell axons as they leave

the lateral olfactory tract, as well as association fibers. Layer II is

a cell body layer, largely consisting of pyramidal cell bodies.

Layer III includes cell bodies of deeper pyramidal cells, pyra-

midal cell basal dendrites, and a variety of interneurons. This

same general pattern holds true throughout the different subre-

gions of the olfactory cortex, though with important regional

differences in cell classes and local connectivity (e.g., Brunjes

et al., 2005; Wesson and Wilson, 2011).

Piriform cortex is the largest subregion of olfactory cortex. For

a detailed anatomical review see (Neville and Haberly, 2004).

Mitral/tufted cell axons are localized to the most superficial
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Figure 1. Major Local Circuit Components of the Piriform Cortex
See text for circuit description. Abbreviations: FF = feedforward inhibition
mediated by interneurons in Layer I; FB = feedback inhibition mediated by
interneurons in Layers II and III; MP = multipolar interneuron; SL = semilunar
pyramidal cell; SP = superficial pyramidal cell; DP = deep pyramidal cell;
ASSN = association fibers; AFF = afferent fibers; EndoP = endopiriform
nucleus. Excitatory neurons depicted in red, inhibitory in blue.
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Layer Ia. Layer Ib contains intrinsic intracortical association fiber

axons as well as commissural fibers. Layer I also contains

somata of a small populations of inhibitory interneurons. Layer

II contains the somata of superficial pyramidal cells, with apical

dendrites extending into Layer I and basal dendrites into Layer

III. Layer IIa, a thin, superficial component of Layer II contains

the somata of the pyramidal cell-like semilunar cells. These cells

lack basal dendrites and appear to preferentially receive input

frommitral/tufted cells, with relatively less input from association

fibers (Suzuki and Bekkers, 2011). Unlike other pyramidal cells,

they do not project back to the olfactory bulb. Layer III contains

the somata of deep pyramidal cells, as well as a variety of inter-

neurons. At least five classes of piriform cortical GABAergic

interneurons have been identified (Suzuki and Bekkers, 2010a;

Young and Sun, 2009). Deep to layer III lies the endopiriform

nucleus. Whether the endopiriform nucleus should be con-

sidered piriform cortical layer IV is unclear, though the two struc-

tures are highly interconnected. The endopiriform nucleus

contains dense local and extended excitatory interconnections

with relatively low levels of GABAergic interneurons (Behan

and Haberly, 1999; Ekstrand et al., 2001). This combination

of autoexcitation and low inhibition makes the endopiriform

highly susceptible to seizure development (Behan and Haberly,

1999). It sends strong, dispersed output throughout the piriform

cortex and other perirhinal structures. These characteristics

have led to the hypothesis (Behan and Haberly, 1999) that the

endopiriform nucleus may be involved in generating sharp-

waves in olfactory cortex similar to those described in the hip-

pocampal formation (Buzsáki, 1986) and that these sharp-waves

may contribute to plasticity and odor memory. In fact as

described below, sharp-waves have recently been described

in piriform cortex (Manabe et al., 2011).

Understanding the role of olfactory cortex in odor perception

has been the focus of a variety of theoretical and computational

models (Ambros-Ingerson et al., 1990; Granger and Lynch, 1991;

Haberly, 1985, 2001; Haberly and Bower, 1989; Hasselmo et al.,
1990; Linster et al., 2009). An underlying theme of many of these

is olfactory cortex as autoassociative combinatorial array,

capable of content addressable memory. Here, we use this

model as an organizing framework to describe recent advances

in understand olfactory cortical structure and function.

Olfactory Cortex as an Autoassociative Combinatorial
Array
The basic model describes the olfactory cortex in terms of a

combinatorial, autoassociative array capable of content ad-

dressable memory (Haberly, 2001). Put simply, the model pro-

poses that unique combinations of odorant features, encoded

in the spatiotemporal pattern of olfactory bub glomerular output,

can be synthesized, stored and recalled in the activity of distrib-

uted ensembles of olfactory cortical pyramidal cells (Figure 2).

The olfactory cortex thus serves as a pattern recognition device

to deal with the complex, dynamic combinatorial patterns of

olfactory bulb output. The activity of individual cortical pyramidal

cells reflects not only the unique combination of ongoing odorant

feature input from mitral/tufted cells, but also the past history of

synaptic input to that cell from its coactive partners within the

distributed pyramidal cell ensemble (autoassociation). This

historical/memorial component of the pattern recognition pro-

cess supports synthetic processing of odor mixtures through

the experience-dependent formation of odor objects, and further

promotes pattern completion in the face of degraded inputs.

Thus, a familiar odor (i.e., combination of odorant features and

the corresponding spatiotemporal pattern of glomerular activa-

tion) induces activity in a distributed, nontopographic ensemble

of cortical neurons (content-addressable memory) in part due to

direct, convergent afferent input, and in part due to association

fiber inputs between coactive cells that have been strengthened

during past experience with that odor. These combined pro-

cesses promote both odor discrimination and perceptual

stability (Figure 3).

In more detail, the model posits several basic circuit compo-

nents. Although each of these components has had some ex-

perimental support in the past (see Haberly, 2001; Neville and

Haberly, 2004; Wilson et al., 2004), recent work with new tech-

niques has solidified this foundation, as well as added important

new details. The model includes the following network features:

(1) distributed, overlapping input from olfactory bulb output neu-

rons to a large population of pyramidal cells spread nontopo-

graphically across the piriform cortex. This distributed input

would maximize opportunities for convergence of input from

afferent fibers conveying information from different, spatially

dispersed glomeruli; (2) distributed, sparse, autoassociative in-

tracortical connections, wherein individual pyramidal cells not

only receive input from the olfactory bulb but also from other

olfactory cortical pyramidal cells. This autoassociative connec-

tivity is sparse with individual cell-cell connections relatively

weak, but further expands the opportunity for convergence of

input regarding different odorant features. (3) Together, the

afferent and intrinsic synaptic inputs result in sparse, spatially

distributed pyramidal cell odor-evoked activity, in contrast to

the odor-specific spatial activity patterns observed in olfactory

bulb. (4) The intracortical association fibers are capable of

activity-dependent associative plasticity, which helps link
Neuron 72, November 17, 2011 ª2011 Elsevier Inc. 507



Figure 2. PiriformCortical EnsembleProcessing of
Odorants
(A) Odorant features, encoded as spatiotemporal patterns
in olfactory bulb glomeruli and their outputs, converge in
the piriform cortex through broadly dispersed, nontopo-
graphic projections. Information is also distributed through
broad intracortical association fibers projections. Neurons
activated by a given odor (black cells) are broadly dis-
tributed. Spiking in individual neurons can driven directly
by afferent input (cell a), directly by association fiber input
(cell b), or the combination (cell c).
(B) Given the distributed afferent and association fiber
projections, different odorants (X and Y) can activate
widely distributed, overlapping ensembles of neurons. As
described in the text, plasticity of association fiber syn-
apses allows for pattern completion in the event of
degraded familiar afferent inputs.
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ensembles of coactive cells. Thus, ensembles of cells that were

coactive during prior odor stimulation become more strongly

bound through enhancement of association fiber synaptic

strength. This leads to a more reliable ensemble response to

familiar odors, enhancing discriminability of the familiar pattern

from other similar patterns. It can also lead to activation of the

entire ensemble even if the input pattern is degraded; a process

known as pattern completion which can promote perceptual
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stability. (5) Inhibitory interneurons create

temporal patterning of pyramidal cell activity re-

sulting in odor-evoked cortical oscillations,

which can enhance synchrony of afferent and

intrinsic synaptic activity onto individual neurons
as well as synchrony of coactive neurons. (6) Synaptic plasticity

is regulated by neuromodulatory inputs from the basal forebrain

and brainstem. (7) Due to differences in local circuitry and top-

down inputs, different subregions of the olfactory cortex may

play different roles in odor coding, withmore rostral regions dedi-

cated to synthetic processing of odor object quality and increas-

ingly complex associations (odor categories, learned hedonics,

context, etc.) mediated by more caudal regions.
Figure 3. Piriform Cortical Pattern
Separation and Completion
(A) Pattern separation allows a decorrelation
between two scents with highly overlapping
component features into two distinct odor objects.
Pattern completion can reduce the distinction
between two overlapping scents by recapitulating
one familiar odor object from the partial input
driven by the other.
(B) Piriform cortical neural ensembles perform
pattern separation and completion relative to
olfactory bulb input–a function common to au-
toassociative arrays and similar to processes in
the hippocampal system (adapted from Barnes
et al., 2008). See text for description.
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Below, we summarize new data within the context of this

model. While experimental data supporting some aspects of

the model have existed (Haberly, 2001), this review will empha-

size exciting recent findings that both provide new detail and

further clarify our view of this important region.

Feature 1: Distributed Afferent Input

Previous data using small injections of horseradish peroxidase or

similar strategies have supported the view of broad, nontopo-

graphic distribution of olfactory bulb input to the piriform cortex

(Buonviso et al., 1991; Ojima et al., 1984). More recent work has

explored this question in greater detail. Electroporation of tetra-

methylrhodamine (TMR)-dextran into identified glomeruli (Sosul-

ski et al., 2011) or viral labeling of mitral/tufted cells from specific

glomeruli (Ghosh et al., 2011) allowed tracing output projections

to the cortex from individual glomeruli. Mitral and tufted cells

from specific glomeruli projected throughout olfactory cortex,

with no identifiable spatial pattern in the piriform cortex. Output

from different glomeruli showed similar diffuse projections, pro-

viding ample opportunity for convergence of input from different

glomeruli onto individual target neurons. The broad anatomical

distribution of fibers projecting from individual glomeruli to the

piriform cortex is associated with a broad distribution pre-

synaptic mitral/tufted cell activity following stimulation of indi-

vidual glomeruli. Using transgenic mice expressing synapto-

pHluorin in mitral/tufted cells and either electrically stimulating

individual glomeruli or delivering odor pulses revealed broad,

overlapping patterns of presynaptic afferent activity in piriform

cortex (Mitsui et al., 2011). This technique is particularly useful

for such mapping because, as discussed elsewhere, spatial

patterns of odor-evoked postsynaptic cortical activity will reflect

both afferent and intrinsic fiber driven responses, and thus are

not a good indicator of purely afferent input patterns.

While the output of individual glomeruli is distributed across

the piriform cortex, individual cortical neurons receive input

from broadly distributed glomeruli, in a classic divergent-conver-

gent pattern. Thus, using rabies virus-dependent retrograde

labeling with mono-trans-synaptic control, infection of small

numbers of piriform cortical neurons resulted in labeling of mitral

cells from broadly scattered glomeruli (Miyamichi et al., 2011).

This provides an anatomical substrate for synthesis of co-

occurring odorant features. In fact, piriform cortical neurons

may require coactivation of multiple glomeruli to drive spiking

activity. Photo-uncaging of glutamate with precise spatial pat-

terns of photo-stimulation in the olfactory bulb glomerular layer

with intracellular recording of piriform cortex pyramidal cells

in vivo showed that individual cells were responsive to specific

spatial patterns of glomerular activation (Davison and Ehlers,

2011). Single glomerular activation was ineffective at driving

cortical neurons. Similar results were reported in an in vitro olfac-

tory bulb-piriform cortex slice (Apicella et al., 2010). Of course

cortical association fiber activity contributes to this pyramidal

cell activity, but the results strongly suggest convergence of

multiple glomerular input onto individual pyramidal cells. Interest-

ingly, similar convergence of odor feature information onto indi-

vidual neurons appears to occur in the zebrafish dorsal pallium,

the homolog of mammalian olfactory cortex (Yaksi et al., 2009).

The efficacy of individual afferent fibers in driving cortical pyra-

midal cells is also consistent with a convergence requirement.
Although afferent fiber glutamatergic synapses onto piriform

cortical pyramidal cells are relatively strong, layer II pyramidal

cells require coactivation of multiple afferent fibers to reach

spike threshold (Franks and Isaacson, 2006; Suzuki andBekkers,

2006, 2011). However, subclasses of pyramidal cells showdiffer-

ential sensitivity to afferent input. Semilunar cells, which have

apical dendriteswith large spines located selectivelywithin Layer

Ia and thus anatomically appear highly sensitive to afferent input,

are in factmore strongly depolarized by afferent input than super-

ficial pyramidal cells in Layer II (Suzuki and Bekkers, 2011). In

addition, semilunar cells have no basal dendrites (Neville and

Haberly, 2004) and thus appear to be primarily tuned to afferent

input with only minimal responses to association fiber input

(Suzuki and Bekkers, 2011). Thus, these cells may have unique

contributions to the intracortical association fiber system de-

scribed below. For example, semilunar cells form a major com-

ponent of the association fiber input to superficial pyramidal

cells, forming in essence a second layer of processing in piriform

cortex (Suzuki and Bekkers, 2011). Interestingly, semilunar cells

are also profoundly affected by loss of afferent input, showing

rapid apoptosis following either olfactory bulbectomy (Capurso

et al., 1997; Heimer and Kalil, 1978) or naris occlusion (Leung

and Wilson, 2003).

Finally, afferent input synapses also demonstrate strong

paired-pulse facilitation (Neville and Haberly, 2004; Suzuki and

Bekkers, 2006), which could help translate the complex temporal

patterns of olfactory bulb output (Spors et al., 2006; Wachowiak

and Cohen, 2001) in to unique patterns of activity in cortical

target neurons. The temporal structure of both glomerular acti-

vation and mitral/tufted cell odor-evoked spike trains appears

to convey important information about odor quality (Friedrich,

2006; Friedrich and Laurent, 2001; Shusterman et al., 2011),

intensity (Meredith, 1986) and perhaps associative meaning

(Doucette et al., 2011).

Together these new data satisfy the requirement of a distrib-

uted, overlapping pattern of afferent input from olfactory bulb

glomeruli to the piriform cortex as required by the model.

Feature 2: Autoassociative Intrinsic Connections

An autoassociative circuit requires a robust intrinsic excitatory

network connecting elements within the circuit. This intrinsic net-

work helps bind distributed coactive neurons into an ensemble

unique to a given input. Recent use of both axonal tracing and

electrophysiological techniques have added to past data (e.g.,

Haberly, 2001) describing this association fiber network. For

example, reconstruction of axons from individual pyramidal neu-

rons has demonstrated far reaching axonal projections extend-

ing for millimeters throughout the piriform cortex and into

other olfactory cortical regions (Johnson et al., 2000). The axons

shown no patchiness in terminal fields and appear to make a

small number of synapses onto a large number of other cortical

neurons (Johnson et al., 2000). More recently, optogenetic tech-

niques have further demonstrated that these intrinsic connec-

tions can reinforce or suppress the effectiveness of afferent

input, depending on the relative timing between the two path-

ways (Franks et al., 2011). Association fibers strongly drive inhib-

itory interneurons in addition to providing direct excitatory input

to pyramidal cells, thus temporal patterning of activity plays a

role in effectiveness of association fiber action. As noted above,
Neuron 72, November 17, 2011 ª2011 Elsevier Inc. 509
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the relative strength of association fiber input varies with cell

type.

These association fiber connections are an important compo-

nent in driving odor-evoked activity. In some cases, pyramidal

cells that do not respond directly to stimulation of individual

glomeruli, do respond when specific combinations of glomeruli

are activated, suggesting a role for intrinsic excitatory connec-

tions in driving this activity (Davison and Ehlers, 2011). More

direct evidence comes from the fact that selective blockade of

association fibers robustly reduces pyramidal cell odor response

and narrows receptive field width (range of effective odor stimuli)

(Poo and Isaacson, 2011).

Feature 3: Sparse, Distributed Nontopographic Odor-

Evoked Ensemble Activity

Given the anatomy of the afferent and intrinsic excitatory

circuitry, the model predicts that odor-evoked activity will be

spatially distributed across the piriform cortex, with no topo-

graphic relationship to the beautiful spatial patterns of olfactory

bulb glomerular layer activity. This sparse, ensemble encoding

allows extremely large numbers of patterns (odor objects) to

be stored in content addressable memory. This has now been

confirmed with a variety of techniques, including 2-deoxyglu-

cose (Cattarelli et al., 1988), single-unit electrode arrays (Ren-

naker et al., 2007), voltage-dependent dye imaging (Litaudon

et al., 1997), immediate early gene mapping (Illig and Haberly,

2003), and optical imaging (Mitsui et al., 2011; Stettler and

Axel, 2009). Neighboring neurons are as likely to respond to dif-

ferent odors as they are to respond to the same odors (Rennaker

et al., 2007; Stettler and Axel, 2009) and there appears to be no

spatial patterning at any scale (Stettler and Axel, 2009). As noted

above, these spatially distributed patterns of activation reflect

both afferent input termination patterns and association fiber

activity (Poo and Isaacson, 2011).

In general, piriform cortical neurons show very low spon-

taneous activity rates (Poo and Isaacson, 2009), particularly

compared to mitral/tufted cells (Wilson, 1998a). Odor evoked

excitatory responses are also less robust than mitral/tufted

cell responses, though odor-evoked instantaneous firing fre-

quencies recorded intracellularly can exceed 200 Hz (Wilson,

1998a). Afferent input from a single glomerulus to a pyramidal

cell evokes only a weak excitation, with activation of multiple glo-

meruli required to reach threshold (Davison and Ehlers, 2011).

Excitatory responses in individual pyramidal cells are narrowly

tuned (Poo and Isaacson, 2009), with tuning (breadth of odor

responsiveness) even more narrow in more posterior regions of

the piriform (Litaudon et al., 2003), at least in anesthetized

rodents. Together, these features define sparse odor coding in

piriform cortex.

It has previously been demonstrated that rodents can detect,

discriminate and learn about different spatial patterns of olfactory

bulb activation (Mouly et al., 2001; Roman et al., 1987). Recent

work using optogenetic stimulation techniques has demon-

strated similar behavioral outcome with activation of distributed

piriform cortical pyramidal cells (Choi et al., 2011). Associating

activation of the distributed pyramidal cells with aversive or

appetitive rewards can conditioned learned approach or avoid-

ance behaviors, similar to natural odor stimulation. Activation of

around 500 cells was sufficient to mediate this behavior (Choi
510 Neuron 72, November 17, 2011 ª2011 Elsevier Inc.
et al., 2011). The fact that such a small ensemble of neurons

(0.5% of the piriform cortical population) can drive behavior is

consistent with Marr’s model of archicortex and allows for high

capacity storage of many odor objects (Marr, 1971).

Feature 4: Associative Synaptic Plasticity

Another critical component of themodel, as well asmore general

models of content addressable memory (Rolls and Treves,

1998), is synaptic plasticity of the intracortical association fiber

system. This plasticity serves as the heart of the content

addressable memory functioning in piriform cortex.

Association fiber synapses exhibit robust NMDA-dependent

long-term potentiation (Kanter and Haberly, 1990; Poo and

Isaacson, 2007). Associative learning with odors can increase

synaptic currents evoked by association fiber stimulation (Saar

et al., 2002), as well as dendritic spine density in regions of

the apical dendritic where association fibers terminate (Knafo

et al., 2001). Furthermore, this learning induced synaptic poten-

tiation interferes with in vitro induction of long-term potentiation

and enhances predisposition toward long-term depression

induction, suggesting a commonmechanismwith NMDAdepen-

dent long-term potentiation (Lebel et al., 2001).

In addition to the intrinsic association fibers, in some circum-

stances afferent synapses can also express long-term potentia-

tion (Patil et al., 1998; Poo and Isaacson, 2007; Roman et al.,

1993; Sevelinges et al., 2004). Synaptic plasticity at this synapse

appears to be most robust in very young animals (Best and

Wilson, 2003; Poo and Isaacson, 2007) or in situations which

elevate acetylcholine (Patil et al., 1998), though the magnitude

of this plasticity still does not reach that expressed by associa-

tion fiber synapses (see Development below).

However, while afferent synapses show reduced long-term

potentiation, they do show robust and behaviorally important

short-term depression (Best and Wilson, 2004). The piriform

cortex displays rapid adaptation to stable odor input (Wilson,

1998a), and this cortical adaptation to odor is associated with

afferent synaptic depression recorded intracellularly, in vivo (Wil-

son, 1998b). The recovery of odor responses occurs within about

2 min, as does the synaptic depression (Best and Wilson, 2004).

This cortical adaptation is mediated by pre-synaptic metabo-

tropic receptors (group III) which reduce glutamate release

from mitral/tufted cell axons during repetitive stimulation (Best

andWilson, 2004). Pharmacological blockade ofmGluRIII recep-

tors within the piriform cortex prevents afferent synaptic depres-

sion, cortical odor adaptation, and short-term behavioral habitu-

ation (Bell et al., 2008; Best et al., 2005; Yadon and Wilson,

2005). Noradrenergic inputs to piriform cortex can also reduce

synaptic depression (Best and Wilson, 2004), potentially via pre-

synaptic beta receptors onmitral cell axons. Activation of norad-

renergic beta receptors can inhibit mGluRIII receptor function via

a protein kinase A dependent phosphorylation (Cai et al., 2001).

Loud sounds which elevate norepinephrine within the piriform

cortex (Smith et al., 2009) can induce dishabituation of odor-

evoked behavioral responses (Smith et al., 2009). The behavioral

dishabituation is blocked by intra-cortical infusion of the norad-

renergic beta receptor antagonist propranolol (Smith et al.,

2009).

The synaptic depression is homosynaptic, leaving afferent

inputs conveying information from other nonactive mitral/tufted
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cells (and glomeruli) intact (Best andWilson, 2004). Thus, homo-

synaptic depression may contribute to the fact that short-term

cortical adaptation (Wilson, 2000) and short-term behavioral

habituation are highly odor specific (Fletcher and Wilson, 2002;

McNamara et al., 2008). However, homosynaptic depression is

not sufficient to account for habituation specificity between

highly overlapping input patterns (Linster et al., 2009). Potentia-

tion of association fiber synapses also plays a major role in this

odor specificity. In a computational model of the olfactory sys-

tem which includes olfactory sensory neurons, olfactory bulb

neurons and piriform cortex (Linster et al., 2007), cortical odor

adaptation was induced if afferent homosynaptic depression

was included in the model. However, this cortical adaptation

was only minimally odor specific. In contrast, if long-term poten-

tiation was included in association fiber synapses, and odor

exposure was sufficiently long to induce familiarization, then cor-

tical adaptation was highly odor specific (Linster et al., 2009). The

same constraints hold true in vivo. The specificity of cortical odor

adaptation and of behavioral odor habituation is dependent on

how familiar the odors are (e.g., duration of exposure (Fletcher

and Wilson, 2002; Wilson, 2003), and this specificity can be dis-

rupted by pharmacological disruption of normal synaptic plas-

ticity in association fiber synapses, for example with modulation

of piriform cortical acetylcholine muscarinic receptors (Fletcher

and Wilson, 2002; Wilson, 2001).

These results support the prediction that potentiation of asso-

ciation fiber synapses helps bind members of a coactive en-

semble response to a given odor object and that with this binding

of spatially distributed neurons, discrimination and odor acuity

improve. A second hypothesized consequence of this network

effect is pattern completion. Computational models of piriform

cortex have demonstrated that optimal associative plasticity in

association fiber synapses helps store a template of familiar

odor patterns which allow ‘‘filling-in’’ features of degraded inputs

and full response to an odor object (Barkai et al., 1994; Hasselmo

et al., 1992). Either too much or too little plasticity can result in

excessive or impaired pattern completion and thus, impaired re-

cognition and discrimination (Hasselmo and McGaughy, 2004).

Recent work has directly tested the pattern completion ability

of piriform cortical circuits (Barnes et al., 2008; Wilson, 2009).

Complex mixtures of monomolecular odorants were ‘‘morphed’’

by either removing individual components (10 component mix,

10 component mix with 1 missing, 10 component mix with 2

missing, etc.) or by replacing individual components with a novel

contaminant. Ensembles of mitral/tufted cells decorrelated (re-

sponded significantly differently between) all the various mixture

morphs and the standard 10 component mixture. This is consis-

tent with a pattern separation role for the olfactory bulb, similar to

that of the hippocampal dentate gyrus (Sahay et al., 2011). In

contrast, piriform cortical single-unit ensembles failed to decor-

relate the 10 component mixture from that missing a single

component, despite the fact that sufficient information was avail-

able in the olfactory bulb. This suggests that the piriform cortical

ensembles completed the slightly degraded input, and re-

sponded as if the entire odor object was present. As more com-

ponents were removed or novel contaminants added, piriform

cortical ensembles decorrelated the mixtures even more stron-

gly than the olfactory bulb (Barnes et al., 2008). Behavioral
discrimination performance in a two-alternative choice task

mirrored the cortical ensemble decorrelation—mixtures not de-

correlated by the cortex were difficult for the animals to discrim-

inate (Barnes et al., 2008). These results suggest that, as origi-

nally hypothesized (Haberly, 2001), the piriform cortex can

perform pattern completion which contributes to perceptual

stability. Interestingly, new data suggest that the boundary

between cortical pattern completion and separation is experi-

ence dependent. Cortical pattern completion can be enhanced

in tasks requiring odor generalization and pattern separation

can be enhanced in tasks requiring fine odor acuity (J. Chapuis

and D.A.Wilson, 2010, Soc. Neurosci., abstract). These changes

in olfactory cortical processing lead to changes in perceptual

acuity in both rodents (J. Chapuis and D.A. Wilson, 2010, Soc.

Neurosci., abstract; Chen et al., 2011; Fletcher and Wilson,

2002) and humans (Li et al., 2008; Li et al., 2006).

Feature 5: Inhibition

An autoexcitatory cortical network such as the piriform cortex is

susceptible to run-away excitation and seizure activity. Thus,

synaptic inhibition plays an important role in maintaining circuit

function within manageable extremes. However, inhibition can

also play important roles in shaping receptive fields of individual

neurons, and imposing temporal structure in pyramidal spike

trains and circuit oscillations. These factors have been assumed

in past cortical models but were never fully developed (Haberly,

2001). We now know that there are a large variety of inhibitory

interneurons in piriform cortex falling into perhaps five different

classes based on morphology, location, and physiological prop-

erties (Suzuki and Bekkers, 2010a, b; Young and Sun, 2009;

Zhang et al., 2006), and these new data suggest unique roles

for different cell classes. Interneurons have somata in all three

layers of the piriform, and connections that can either remain

within the same layer or spread to other layers. In addition to

interlaminar connections, the connectivity and function of inhib-

itory interneurons may also vary over the anterior-posterior

extent of the piriform cortex. For example, pyramidal cells in

anterior piriform cortex appear to be under stronger inhibitory

control from interneuronsmore caudal to them than interneurons

more rostral (Luna and Pettit, 2010). Rostral-caudal gradients

may be particularly important in the piriform due to the fact

that afferent input travels as a rostral-caudal wave over the

cortex, rather than as a more synchronous input from thalamic

inputs to large spatial extents of sensory neocortex.

Layer I GABAergic inhibitory interneurons, which are believed

to mediate feedforward inhibition by receiving direct mitral/

tufted cell input (Stokes and Isaacson, 2010) are more broadly

tuned to odors than pyramidal cells (Miyamichi et al., 2011;

Poo and Isaacson, 2009). These interneurons are hypothesized

to have either a lower threshold or receive greater convergence

of mitral/tufted cell inputs than pyramidal cells (Poo and Isaac-

son, 2009). Thus, while pyramidal cells express excitatory re-

sponses to relatively few odors in a test stimulus set, the same

cells show broadly tuned inhibitory responses. Thus, as in other

systems, inhibition can play an important role in shaping stimulus

receptive fields.

Interneurons in layers II and III are more typically targets of in-

tracortical association fiber inputs or input from nonpiriform

sources. These GABAergic interneurons tend to terminate on
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pyramidal cell proximal dendrites, soma, or axon initial segments

and can be highly effective at blocking pyramidal cell output

either via shunting inhibition or action potential blockade (Luna

and Schoppa, 2008).

GABAergic interneurons in each layer also show a dichotomy

in their response to excitatory synaptic input. A subset of inter-

neurons in each layer show strong initial response to excitatory

input evoking spiking output, while another subset show weaker

initial responses but facilitation over repeated stimulation (Suzuki

and Bekkers, 2010a). Suzuki and Bekkers suggest these differ-

ences in synaptic physiology could allow a temporal segregation

of activity, with different interneurons producing output at dif-

ferent phases of the respiratory cycle.

The respiratory cycle is a strong source of oscillations through-

out the olfactory pathway; however, several other spontaneous

and induced oscillations are also prominent. For example, beta

(15–35 Hz) and gamma (35–90 Hz) frequency oscillations can

be robustly evoked in the piriform cortex, generally in phase

with the 2–4 Hz respiratory cycle. Current source density anal-

yses suggest that these higher frequency oscillations derive

from the cyclical afferent-association fiber activity loop, shaped

by synaptic inhibition (Ketchum and Haberly, 1993). More re-

cently, in vivo whole-cell recordings from piriform cortex pyra-

midal cells supported this by showing that pyramidal cell spiking

was phase locked to beta frequency oscillations and that this

phase locking was partially governed by synaptic inhibition

(Poo and Isaacson, 2009). As mentioned above, precise timing

of pyramidal cell activity can reinforce temporal convergence

of afferent synaptic excitation driven by the current odor input

with association fiber synaptic excitation which reflects both

ongoing sensory input and previous experience (due to experi-

ence-dependent synaptic potentiation during past odor stimuli).

This temporal convergence may promote associative synaptic

plasticity to help store a template of the now familiar odor

pattern. It should be noted that inhibitory synapses themselves

may express experience-dependent plasticity (Brosh and Bar-

kai, 2009), further helping shape coding of familiar odors.

In summary, as in other systems, piriform cortical synaptic

inhibition serves to shape receptive fields, sensory evoked re-

sponses and the temporal structure of cell output. Inhibitory

neurons are not only targeted by afferent and intracortical excit-

atory inputs but are also the targets of inputs from other regions

(V.M. Luna, 2011, Assoc. Chemorecetion Sciences, abstract;

Mouly and Di Scala, 2006) and neuromodulators (Neville and

Haberly, 2004). Thus, this suggests a role for inhibition in modu-

lating cortical processing in a state- or experience-dependent

manner.

Feature 6: Neuromodulation

The olfactory cortex is the target of neuromodulatory input from

the noradrenergic nucleus locus coeruleus, the cholinergic

nucleus of the horizontal limb of the diagonal band and the sero-

tonergic raphe nucleus (Shipley and Ennis, 1996). These modu-

latory inputs shape cortical processing and circuit plasticity.

For example, activation of the locus coeruleus enhances odor

evoked responses and respiratory entrainment of piriform cor-

tical neurons to the respiratory cycle (Bouret and Sara, 2002).

This enhancement may have multiple contributing mechanisms,

including NE effects in the olfactory bulb (Jiang et al., 1996),
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modulation of cortical association fiber synaptic efficacy (Has-

selmo et al., 1997), and the cortical dishabituation mechanism

described above (Smith et al., 2009). It nonetheless demon-

strates the importance of behavioral state and noradrenergic

tone on piriform cortical activity.

ACh similarly modulates activity and plasticity in the piriform

cortex. ACh to the olfactory bulb and olfactory cortex derives

from the horizontal limb of the diagonal band, as opposed to

the medial septum which is the primary cholinergic input to the

entorhinal cortex and hippocampal formation. Cholinergic mus-

carinic receptor activation selectively suppresses intrinsic asso-

ciation fiber synapses, with minimal effect on afferent fiber

synapses (Hasselmo and Bower, 1992). ACh also modulates

pyramidal cell excitability (Barkai and Hasselmo, 1994) and

association fiber synaptic plasticity (Hasselmo and Barkai,

1995; Patil et al., 1998). Disruption of normal cholinergic activity

within the piriform cortex impairs odor memory and discrimina-

tion of similar odors (De Rosa and Hasselmo, 2000; Fletcher

and Wilson, 2002; Linster et al., 2001; Ravel et al., 1992; Saar

et al., 2001; Wilson, 2001).

Feature 7: Subregional Functional Specialization

The piriform cortex encompasses the largest area within the

olfactory cortex, and thus has received the most experimental

attention. However, based on differences in anatomy between

the piriform cortex and other olfactory cortical areas, it has

been proposed that the olfactory cortex serves a parallel pro-

cessing function, with different subregions supporting different

functions due to different afferent inputs and different local

circuits (Haberly, 2001). Again, recent evidence has supported

that view.

Olfactory bulb output to the olfactory cortex varies by subre-

gion. For example, while output from an individual glomerulus

projects widely throughout anterior and posterior piriform cortex,

projections to the cortical nuclei of the amygdala (COA) are more

patchy, with different glomeruli projecting to different locations

(Sosulski et al., 2011). Furthermore, all regions of the olfactory

bulb project to the piriform cortex, while the COA is more

strongly targeted by the dorsal olfactory bulb (Miyamichi et al.,

2011). The loss of odor specific spatial patterns of input in the

piriform cortex, and their at least partial maintenance in the

COA may suggest a more labeled line mechanism of processing

in the COA as opposed to the distributed, content addressable

process in the piriform cortex. This more direct, odor-specific

processing in COA may contribute to apparent innate hedonic

responses to some odors (Khan et al., 2007; Kobayakawa

et al., 2007).

The anterior olfactory nucleus (AON) can be divided into

several subregions and has a three-layered structure roughly

similar to that of the piriform cortex (Brunjes et al., 2005). The

principal cell type is the pyramidal cell, and membrane and

synaptic properties of pyramidal cells within the anterior olfac-

tory nucleus are similar to those within the piriform cortex

(McGinley and Westbrook, 2011). The majority of AON receives

distributed olfactory bulb input, though the AON pars externa

is more topographically organized relative to the bulb (Brunjes

et al., 2005; Miyamichi et al., 2011). Individual neurons in AON

respond to diverse odorants and odorant mixtures that activate

spatially disparate olfactory bulb glomeruli (Lei et al., 2006),
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suggesting convergence of odorant feature input onto individual

AON neurons. There appears to be no odor-specific spatial

patterning of activity (Kay et al., 2011), similar to that seen in piri-

form cortex. In fact, Haberly has hypothesized that much of the

initial odorant feature convergence involved in the early stages

of building odor objects may occur in the AON (Haberly, 2001),

allowing piriform cortex to perform more higher order associa-

tions between the odor objects and hedonics, context and other

odors (see below).

The olfactory tubercle receives olfactory input dominated by

tufted cells from the ventral olfactory bulb (Scott et al., 1980;

Wesson and Wilson, 2011). This input may also show a patchy

distribution like the COA, though this has not been quantified

(Sosulski et al., 2011). Despite the direct olfactory bulb input,

the olfactory tubercle has been primarily studied as a region

involved in reward and addiction given its developmental and

anatomical association with the ventral striatum (Heimer, 2003;

Ikemoto, 2007). Thus, until recently, relatively little has been

known about its sensory physiology or role in olfaction (for

a full review see Wesson andWilson, 2011). The major cell types

show a diversity of physiological properties ranging from regular

spiking to bursting that covary with cell morphology (Chiang and

Strowbridge, 2007). Interestingly one class of bursting cells

shows a strong initial burst to depolarization followed by an

extended refractory period, suggesting it may play a specialized

role in signal detection and stimulus onset. Olfactory tubercle

neurons respond to odor (Murakami et al., 2005; Wesson and

Wilson, 2010), and single units respond differentially to different

odors (Kikuta et al., 2008; Wesson and Wilson, 2010). Interest-

ingly, tubercle single units also show multisensory responses,

with single unit capable of responding to both odor and

sound (Wesson and Wilson, 2010). The behavioral significance

of this convergence is not known, but the data further emphasize

that olfactory cortex, as is increasingly apparent in many

sensory systems (Lakatos et al., 2007), is not a simple, unisen-

sory cortex.

Thus, based on the anatomy and limited known sensory phys-

iology, information leaving the olfactory bulb targets distinctly

different olfactory cortical subregions, each of which transform

that information in distinct ways and presumably with distinct

impact on odor guided behavior. This regional specialization

extends to the piriform cortex itself, which can be divided into

at least two distinct subareas. The anterior and posterior piriform

cortices have been demonstrated to process odors in distinct

ways in both humans (Gottfried et al., 2006; Kirkwood et al.,

1995) and rodents (Kadohisa and Wilson, 2006; Litaudon et al.,

2003; Moriceau and Sullivan, 2004). It has been suggested that

more caudal regions of the olfactory cortex are anatomically

and functionally more similar to higher order association cortex

than primary sensory cortex. In rodents, the division between

anterior and posterior piriform cortex occurs as the lateral olfac-

tory tract axons ends and layer Ia reduces substantially in thick-

ness. These more caudal regions receive input directly from

mitral cells, but their relative contribution to pyramidal cell input

diminishes in favor of association fiber input. Thus, while activity

in anterior regions is strongly influenced by mitral cell afferent

input, activity in more posterior regions becomes dominated

by intracortical fiber input the olfactory cortex and other neigh-
boring regions. This shift is even apparent in local field potential

recordings which suggest a strong coherence between the ante-

rior piriform cortex and olfactory bulb, while the posterior piriform

cortex is more strongly coherent with the entorhinal cortex than

with the olfactory bulb (Chabaud et al., 1999). Similarly, single

units in posterior piriform show less robust odor responses and

are less in phase with respiration than anterior piriform neurons

(Litaudon et al., 2003). Importantly, the nature of information en-

coded by these two regions also differs. In both humans (Gott-

fried et al., 2002; Howard et al., 2009) and rodents (Kadohisa

and Wilson, 2006), anterior piriform cortex appears to encode

information related to structural or perceptual identity of the

odor, i.e., ‘‘banana.’’ More posterior regions, perhaps in accord

with the dominance of association fiber input, appear to encode

the perceptual category of odor, i.e., ‘‘fruity.’’

The posterior piriform may also be involved in building search

templates prior to odor sampling that assist in odor identification

(Kirkwood et al., 1995). Using fMRI, Zelano et al. (2011) demon-

strated that expectation of the arrival of a specific odor target

creates target-specific patterns of activity in both the anterior

and posterior piriform. At the arrival of the odor, anterior piriform

activity appeared to continue reflecting the expected odor, while

posterior piriform activity rapidly shifted to the actual, perceived

odor. Further analyses, perhaps using higher temporal resolution

techniques are warranted. Nonetheless, these results further

emphasize the region-specific distributed processing of odor

information across the olfactory cortex.

Finally, the most caudal region of the olfactory cortex is the

lateral entorhinal cortex (LEC). Neurons in layer II of the LEC

receive input from the olfactory bulb and piriform cortex and their

axons form the lateral perforant path into the hippocampal

formation (Agster and Burwell, 2009; Haberly and Price, 1978;

Kerr et al., 2007). Surprisingly little is known about the olfactory

sensory physiology of the LEC. In awake rats, about a third of

LEC single-units sampled (45/128 units) responded to odors

(Young et al., 1997). It is important to note, as described below

that the LEC not only receives input from the olfactory system

but is also sends a strong feedback to both the olfactory bulb

and piriform cortex (Ferry et al., 2006; Mouly and Di Scala,

2006). Work ongoing in our lab is currently further exploring

LEC sensory physiology and top-down control of piriform cortex

odor coding (D.A. Wilson, 2011, Soc. Neurosci., abstract).

Piriform Cortex as a Component of a Larger Network
As is true with any brain region, the piriform cortex functions

within a larger context of forebrain activity. Direct, reciprocal

connections have been demonstrated between all or parts of

the olfactory cortex and the orbitofrontal cortex (Illig, 2005),

amygdala (Majak et al., 2004), and perirhinal areas such as the

entorhinal cortex (Haberly and Price, 1978; Kerr et al., 2007).

These diverse connections add substantially to the richness of

information available to the olfactory cortex, in terms of context,

hedonic valence, reward, and expectation. In fact, single units in

piriform cortex of rats performing an odor discrimination task

show changes in activity relative to several components of the

task in addition to odor sampling, including approach to the

odor port prior to odor onset and entry to the water reward

port (Schoenbaum and Eichenbaum, 1995; Zinyuk et al., 2001).
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Associative odor learning modifies piriform cortical odor-

evoked activity as assessed with single-unit recording (Calu

et al., 2007; Roesch et al., 2007; Zinyuk et al., 2001), ensemble re-

cording (J. Chapuis and D.A. Wilson, 2010, Soc. Neurosci.,

abstract; Kadohisa and Wilson, 2006), local field potential recor-

ding (Chapuis et al., 2009; Martin et al., 2006), 2-deoxyglucose

uptake (Moriceau and Sullivan, 2004), and c-fos immune reac-

tivity (Datiche et al., 2001). These evoked response changes

may reflect synaptic or neural plasticity within the olfactory

cortex itself (Brosh and Barkai, 2004; Saar and Barkai, 2003) or

reflect changes in functional connectivity within the larger

network of which the olfactory cortex is a part (Martin et al.,

2007; Martin et al., 2004). For example, odor learning modifies

the synaptic strength of both olfactory bulb and orbitofrontal

cortex projections to the piriform cortex (Cohen et al., 2008). As

described above, this rich experience-dependent plasticity may

be involved not only in associating odors with context or

outcome, but also in helpingmodify sensory acuity for the familiar

or learned odor (J. Chapuis and D.A. Wilson, 2010, Soc. Neuro-

sci., abstract; Chen et al., 2011; Kadohisa and Wilson, 2006).

In addition to experience-dependent changes in functional

connectivity of the olfactory cortex, connectivity is also influ-

enced by behavioral state. Single-unit and local field potential

responses to odor in the anterior piriform cortex are greatly

reduced during slow-wave sleep (Barnes et al., 2011; Murakami

et al., 2005; Wilson, 2010) and certain stages of anesthesia (Fon-

tanini and Bower, 2005). Although there is a circadian rhythm in

olfactory sensitivity in rodents (Granados-Fuentes et al., 2006),

the sleep-related cortical hyposensitivity is rapid, is selective to

slow-wave sleep and not REM and does not appear in the olfac-

tory bulb (Barnes et al., 2011; Murakami et al., 2005; Wilson,

2010). Piriform cortical activity during slow-wave sleep is domi-

nated by sharp waves (Manabe et al., 2011), similar to those

observed in hippocampus (Buzsáki, 1986), and single-unit

activity during these sharp waves is shaped by recent odor expe-

rience (Wilson, 2010). This latter observation may suggest an

opportunity for odor ‘‘replay’’ during slow-wave sleep while the

cortex is otherwise hyporesponsive to afferent input. Such replay

could help consolidate intracortical association fiber plasticity

underlying memory of new odor objects (Wilson, 2010), as well

as send a strong excitatory feedback to olfactory bulb that could

be critical for survival of odor-specific populations of newborn

granule cells (Manabe et al., 2011).

While the piriform cortex is in this hyporesponsive state, it

becomes more strongly coherent with other regions such as the

dorsal hippocampus and basolateral amygdala compared

to waking or fast-wave activity, as assessed with local field

potential recordings and fMRI (Wilson et al., 2011; Wilson

and Yan, 2010). This change in functional connectivity toward

more central circuits during a time of reduced sensitivity to

afferent input may be important for consolidation of odor

memory, perhaps allowing association of information about

odor quality with context and emotion. In fact, the time spent in

slow-wave sleep is enhanced following odor learning (Eschenko

et al., 2008; Magloire and Cattarelli, 2009). Following odor

fear conditioning, the magnitude of this increase as recorded in

the piriform cortex is significantly correlated the intensity of the

odor-evoked fear the following day (Barnes et al., 2011).
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From these specific examples, it is clear that the olfactory

cortex does not function in isolation, but rather is modulated by

top-down influences and the strength of those influences can

be modified by past experience and current state. Furthermore,

the olfactory cortex provides a strong feedback to its primary

afferent, the olfactory bulb—a feedback which again can be

modified by experience (Gao and Strowbridge, 2009).
Piriform Cortex across the Life Span
As a cortical structure with non-topographic inputs, relatively

little is known about the ontogeny of the olfactory cortex.

Afferent- and odor-evoked piriform cortical activity emerge rela-

tively early in the postnatal rat (Illig, 2007; Schwob et al., 1984).

In fact, the neonatal piriform cortex and its input, the olfactory

bulb, are required for survival dependent behaviors in the infant

rat, including orienting to the mother and nipple attachment

(Greer et al., 1982; Hofer et al., 1976; Moriceau and Sullivan,

2004; Raineki et al., 2010; Roth and Sullivan, 2005; Singh and

Tobach, 1975; Sullivan et al., 1990). Indeed, it was pups’ depen-

dence on maternal odor for survival that led to the old notion

that maternal odor was a pheromone (Leon et al., 1977). How-

ever, extensive research has demonstrated that the maternal

odor is associatively learned perinatally, and a novel odor paired

with maternal care or sensory stimuli mimicking maternal care

(i.e., tactile stimulation or milk), takes on the characteristics of

maternal odor to enable pups to contact the mother and nipple

attach (Hofer et al., 1976; Pedersen et al., 1982; Raineki et al.,

2010; Roth and Sullivan, 2005; Sullivan et al., 1990). This artifi-

cial maternal odor appears to produce olfactory bulb and piri-

form cortex responses similar to the natural maternal odor

(Raineki et al., 2010; Roth and Sullivan, 2005; Sullivan et al.,

1990).

The rules applying to neocortical development, with thalamic

afferents invading the cortical plate from below, and the subse-

quent emergence of multiple layers and topographically orga-

nized cortical columns, are not appropriate for the paleocortex

(Sarma et al., 2010; Schwob and Price, 1984). Nonetheless,

several similarities with neocortical (and hippocampal) develop-

ment do apply. For example, during early development afferent

inputs to the piriform cortex show robust plasticity in response

to manipulations of sensory input (Best and Wilson, 2003),

or as expressed by NMDA-dependent synaptic potentiation

(Poo and Isaacson, 2007). Within a few weeks, however, this

plasticity subsides, suggesting a sensitive period for afferent

plasticity. In the case of NMDA-dependent long-term potentia-

tion, the critical period termination coincides with a down-

regulation of NMDA receptor mediated currents (Franks and

Isaacson, 2005). This NMDA receptor downregulation can be

delayed by sensory deprivation, suggesting an activity depen-

dent role in shaping afferent synapses during early development

(Franks and Isaacson, 2005). While afferent synapses show an

early sensitive period for plasticity, association fiber synapses

do not (Best and Wilson, 2003; Poo and Isaacson, 2007). Plas-

ticity in association fiber synapses is maintained throughout life

and, as described above remain critical for odor learning and

perception. These developmental characteristics of afferent

and association fiber plasticity match those reported in the
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thalamocortical visual system (Crair and Malenka, 1995; Kirk-

wood et al., 1995).

Finally, while age and dementia related changes in olfactory

perception are well documented (Albers et al., 2006; Murphy,

1999), relatively little is known about normal aging in the olfactory

cortex. However, recent studies have suggested a possible role

for the piriform cortex in dementia related olfactory perceptual

losses. In both humans with Alzheimer’s disease (Li et al.,

2010a; Wang et al., 2010) and mice overexpressing human

amyloid precursor protein (Wesson et al., 2010, 2011), piriform

cortical dysfunction correlated strongly with odor perceptual or

memory impairments. While amyloid beta burden can induce

pathology throughout the olfactory system from the olfactory

sensory neurons (Talamo et al., 1989) to the entorhinal cortex

(Braak and Braak, 1992), the piriform cortex appears to be

a major contributor to the overall sensory decline.

Summary and Open Questions
The olfactory cortex is divided into several subregions based on

local anatomy and patterns of afferent input producing a parallel,

distributed processing of olfactory bulb odor-evoked spatiotem-

poral activity patterns. The piriform cortex functions as a pattern

recognition device capable of content addressable memory

which allows storage of familiar input patterns across ensem-

bles of distributed neurons through plasticity of intracortical

association fiber synapses binding these dispersed neurons.

This form of synthetic pattern recognition allows formation of

odor objects from complex odorant features. Odor object pro-

cessing allows for pattern completion in the face of degraded

inputs which facilitates perceptual stability. As input patterns

further diverge from familiar, stored templates, cortical pattern

separation comes to dominate which promotes perceptual dis-

crimination. The plasticity within the olfactory cortex and

between the cortex and its monosynaptic partners allows expe-

rience-dependent change in odor coding and perceptual acuity

(perceptual learning). Modulatory inputs and state-dependent

changes in functional connectivity further allow adjustments

in odor coding and association of odor quality with context

and hedonics. Together, these processes place neural plasticity

and memory at the heart of odor perception (Stevenson and

Wilson, 2007; Wilson and Stevenson, 2003), similar to object

perception in other sensory systems and spatial memory in

the hippocampal formation.

A window is opening to allow a view of what the olfactory

cortex contributes to odor perception and how, but a myriad of

questions remain. While some are beginning to be addressed,

muchwork lies ahead. A small sample of these questions include

the following: where does conscious perception of odors occur

within the brain (Li et al., 2010b)? How does attention to odor

influence processing and perception (Plailly et al., 2008)? What

are the effects of top-down influences on olfactory cortical

sensory physiology and perception (Martin et al., 2007; Mouly

and Di Scala, 2006)? Is the reduced ability to perceptually

analyze odorant mixtures into their components (Laing and Fran-

cis, 1989) due to the lack of a spatial cortical code? How is odor

intensity encoded in the olfactory cortex (Anderson et al., 2003)?

Why does the olfactory system seem so sensitive to neurode-

generative disease (Li et al., 2010a; Wesson et al., 2010)? How
do the rules for ontogeny of a nontopographic cortex differ

from those involved in topographic neocortex (Sarma et al.,

2010; Schwob and Price, 1984)? Pursuing these questions will

not only further our understanding of olfaction, but also about

how very simple circuits produce such profound outcomes as

the scent of a rose.
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