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Sensory representations are repeatedly transformed by
neural computations that determine which of their attri-
butes can be effectively processed at each stage.
Whereas some early computations are common across
multiple sensory systems, they can utilize dissimilar
underlying mechanisms depending on the properties
of each modality. Recent work in the olfactory bulb
has substantially clarified the neural algorithms under-
lying early odor processing. The high-dimensionality of
odor space strictly limits the utility of topographical
representations, forcing similarity-dependent compu-
tations such as decorrelation to employ unusual neural
algorithms. The distinct architectures and properties of
the two prominent computational layers in the olfactory
bulb suggest that the bulb is directly comparable not
only to the retina but also to primary visual cortex.

The unique architecture of the olfactory system

Why is the neural architecture of the olfactory system
structured as it is? The neural circuits of early sensory
systems are faced with common computational problems
such as gain control and decorrelation; however, the
specific neural algorithms and underlying biophysical cir-
cuit mechanisms that solve these computational problems
can be constructed quite differently from one another in
service to the peculiar properties of each modality. More-
over, each successive stage of sensory processing within a
given modality has unique capacities and limitations that
depend on the architecture of stimulus representations at
that stage and determine the processing tasks that can be
effectively performed. Understanding the mechanics of
sensory system function requires consideration across
these different levels of analysis (Glossary) [1,2], as well
as assessment of the processing capacities and limitations
at each stage of the cascade of representations that
underlies sensation. Here I review the functional architec-
ture and theoretical organization of the early olfactory
system, emphasizing the structure of primary odor repres-
entations and their transformation within the olfactory
bulb.

The transduction of odor stimuli by olfactory receptor
proteins (ORs) expressed on the cilia of primary olfactory
sensory neurons (OSNs) has been reviewed in detail else-
where [3]. Briefly, the receptive fields of OSNs for odorants
are largely conferred by the type of OR they express, which
in mice is likely to be a single allele of one receptor type
from the 1000-1200 different receptors that are available
[4,5]. These receptive fields are coordinated for subsequent

Corresponding author: Cleland, T.A. (tac29@cornell.edu)

processing via the convergence of axons from OSNs expres-
sing the same OR to the same target locations on the
surface layer of the main olfactory bulb (MOB) [6], there
forming discrete glomeruli that exhibit receptive fields
determined largely by the properties of that OR
(Figure 1a). Moreover, in the MOB of mammals, most
neurons that extend their dendrites into glomeruli, in-
cluding mitral cells and multiple types of periglomerular
and tufted cells, do so into only a single glomerulus, gen-
erating a columnar architecture in the MOB that is based
directly on OR receptive fields and extends even into the

Glossary

Chemotopy: the physical distribution of neurons or glomeruli on the surface of
the brain (typically the olfactory bulb) with respect to their receptive fields for
chemical stimuli (odorants). Whereas the term does not intrinsically imply any
organizational principle, it is sometimes used more narrowly to refer to some
form of ordered chemotopic map in which the physical location of a neuron or
glomerulus with respect to others implies something about its receptive field.
Decorrelation: a process by which similar or overlapping neural representa-
tions are transformed so as to overlap (or correlate) less, thereby selectively
emphasizing their differences over their commonalities. In the present context,
this corresponds to the narrowing (sharpening) of receptive fields, and
incorporates functions such as contrast enhancement and optimal coding.
Levels of analysis: a framework for understanding and comparing complex
systems by enabling their simultaneous description at multiple distinct but
interrelated levels, from the abstract to the concrete. In his studies of visual
perception, Marr identified three useful levels of analysis: the computational,
algorithmic, and implementational [1,2]. Briefly, the computational level
describes what the system is doing, irrespective of how it is doing it. The
algorithmic level describes the rules and/or operations that are being
performed, as well as the system of representation in which they are based.
Finally, the implementational (or hardware) level describes the physiological
and biophysical (or mechanical and electronic) mechanisms that embody the
functions of the higher levels.

Proximity-dependence: a characteristic of neural network algorithms or
mechanisms that depend on the physical proximity among neurons (i.e. for
which proximity is an independent variable). A classic example is lateral
inhibition in which neighboring neurons inhibit one another strongly and more
distant neurons inhibit one another weakly or not at all.

Representation: a spatiotemporal pattern of neural activity that carries
information about some stimulus or state. In olfaction the primary representa-
tion refers to afferent information contained in the activation profile of primary
OSNs, whereas the secondary representation refers to the transformation of
this information contained across the population of secondary olfactory
principal neurons: mitral and middle/deep tufted cells. Subsets of the complete
secondary representation can also be referred to separately as secondary
representations, such as the discussion of the mitral cell representation and the
relative neglect of the middle/deep tufted-cell representation within this
review.

Similarity-dependence: a characteristic of neural network computations that
depend on knowledge or estimation of the receptive field similarities among
their inputs. Decorrelation is an example of a similarity-dependent neural
computation.

Similarity space: an abstract metric space of arbitrary dimensionality in which
all aspects of stimulus similarity can be plotted, and similarities (generally, the
extent of overlap of receptive fields) are reflected by the Euclidean distance
between any two points.

Spatial scale: the degree of precision in spatial localization that is relevant for a
given representation or metric.
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deep layers of the MOB [7]. Mitral cells that innervate the
same glomerulus exhibit similar receptive fields [8]; these
are largely inherited from the corresponding OR but also
are transformed by multiple layers of intrinsic, function-
ally inhibitory lateral interactions within the MOB
(Figure 1la). In this way, MOB columns architecturally
resemble columns identified in other sensory cortices
[9,10].

ORs are ordinary G protein-coupled receptors (GPCRs)
[11], remarkable only in their diversity and in their direct
exposure to the vast complexity of the external chemical
environment. As with most GPCRs, they have moderately
broad receptive fields, binding to a range of full and partial
agonists with various ligand-receptor affinities and effica-
cies [12,13], and exhibit graded levels of activation to
increasing ligand concentrations [14]. Unlike most other
GPCRs, that commonly exist in highly regulated internal
environments containing only a single effective ligand,
these broad receptive fields are an integral part of the
normal function of ORs. Odor stimuli — even odors com-
prising only a single type of molecule — nearly always
activate multiple OR types to differing degrees, such that
the profile of activation levels across all glomeruli is
characteristic of a given odor stimulus. Structurally and
perceptually similar odorants tend to activate correspond-
ingly greater numbers of glomeruli in common [15,16],
suggesting that overlapping neuronal representations in
the periphery underlie perceptual similarity in olfaction
much as they do in, for example, tonotopically-organized
auditory structures. Unlike auditory tonotopy, however,
the physical mapping of glomeruli across the MOB with
respect to the overlap in their receptive fields — chemo-
topy (Glossary) — is far from clear.

Similarity-based topographical mapping in sensory
systems

In some sensory systems, neurons with similar receptive
fields are positioned correspondingly closely to one
another, creating an intrinsic topographical organization
that facilitates the post-transduction processing of compu-
tations that depend on these receptive field similarities. In
both auditory tonotopy and visual retinotopy, for example,
this organization enables neurons with similar receptive
fields to be reliably identified by virtue of their physical
proximity, thereby greatly simplifying the process of accu-
rately targeting selective projections between similarly-
tuned neurons. Perhaps the most prominent of these sim-
ilarity-dependent computations is decorrelation (Glos-
sary), the controlled reduction in overlap between the
receptive fields of neurons or, equivalently, in the mutual
information that their activity represents. Decorrelation is
instantiated in a variety of contexts in the brain, notably
underlying efficient coding and neural data compression
[17-19], but in early sensory processing it serves as con-
trast enhancement, sharpening sensory representations
(Glossary) while emphasizing their boundaries [20]. In the
retina and inferior colliculus the topographical mapping of
receptive field similarity enables decorrelation (a compu-
tational-level transformation in Marr’s levels-of-analysis
framework; Refs [1,2]) to be performed by nearest-neighbor
lateral inhibition (an algorithm in that same framework)
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[21,22]. That is, because physically neighboring neurons
can be relied upon to exhibit correspondingly similar
receptive fields, lateral inhibitory projections will selec-
tively inhibit similarly-tuned neurons. This computation
canonically yields a ‘Mexican-hat’ decorrelation function in
which neurons are most strongly and selectively inhibited
when they are in the immediate surround of activated
neurons — in other words, when their receptive fields
overlap only modestly or partially with the pattern of
sensory stimulation (Figure 1b). Notably, this same cano-
nical function has been observed in olfactory bulb mitral
cells, appropriately with respect to an axis of chemical
similarity [23] (Figure 1lc). These results indicate that
the olfactory system is utilizing a similar computational
transformation as these other sensory systems. However,
owing to the physical properties of the olfactory modality,
the underlying algorithm that mediates this transform-
ation differs.

Disordered chemotopy in the olfactory bulb

In contrast to visual retinotopy and auditory tonotopy, the
physical proximity of MOB glomeruli does not predict the
similarity of their receptive fields [24]. Hence, olfactory
chemotopy of the sort that could facilitate similarity-
dependent computations does not exist in the MOB.
Whereas this result was predicted by theoretical modeling
[25,26],it appears initially at odds with other work reporting
that odor representations in the MOB are chemotopically
mapped [16,27]. Confusion in the literature about the mean-
ing and implications of MOB chemotopy hinges on the
spatial scale (Glossary) at which it is assessed. Fine-scale
chemotopy studies [24,28] resolve activity in individual
glomeruli and compare the receptive field and physical
location of each glomerulus to that of every other glomerulus
under study. Coarser-scale studies can utilize experimental
techniques that do not resolve individual glomeruli, or
might simply analyze their data broadly, for example by
identifying regions of the MOB that tend to respond more
prominently to a certain group of odorants, despite the
additional presence of glomeruli within each region that
exhibit dissimilar receptive fields [16,27]. This latter
approach can reveal interesting nonuniformities in the
distribution of glomerular receptive fields, notably the
tendency in rats (but perhaps not mice) for heavier mol-
ecules to be mapped more ventrally in the bulb [29,30],
probably owing to the physics of odorant deposition in the
rat’s intricate airway [31]. However, coarse-scale mapping
also effectively masks the presence of inactive glomeruli in
favor of nearby active glomeruli, resulting in overestimation
ofthe breadth and clustering of odor-evoked activity. For the
purposes of similarity-dependent computation, the import-
ant question is whether the proximity of any two glomeruli
(or columns) reliably predicts the overlap of their receptive
fields; this question is addressed only by fine-scale chemo-
topy studies, and the answer is no [24].

Indeed, theoretical considerations rule out the very
possibility of fine-scale, functional chemotopy in olfaction
[25,26]. Briefly, for proximity along the two-dimensional
surface of the MOB to reliably reflect odor similarity, all of
the possible variance in odor qualities must reduce to a
maximum of two principal components (akin to the two
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Figure 1. (a) Circuit diagram of the mammalian olfactory bulb. The axons of olfactory sensory neurons expressing the same odorant receptor type converge together as
they cross the cribriform plate and arborize together to form glomeruli (shaded ovals) across the surface of the olfactory bulb. Several classes of olfactory bulb neuron
innervate each glomerulus, including both principal neurons and intrinsic interneurons. Glomerular interneuron classes are heterogeneous, including olfactory nerve-
driven periglomerular cells (PGo), external tufted cell-driven periglomerular cells (PGe), and multiple subtypes of external tufted cells (ET). Superficial short-axon cells (sSA)
are not associated with specific glomeruli but project broadly and laterally within the deep glomerular layer, interacting with glomerular interneurons. Principal neurons
include mitral cells (Mi), which interact via reciprocal connections in the external plexiform layer (EPL) with the dendrites of inhibitory granule cells (Gr), thereby receiving
recurrent and lateral inhibition. Middle/deep tufted cells (not depicted) constitute another, less understood class of olfactory bulb principal neurons noted for their relative
lack of an inhibitory surround. Both of these principal neuron types project divergently to several regions of the brain, though the projection profiles of the two classes differ
[71,90]. A sparse, heterogeneous population of inhibitory interneurons known collectively as deep short-axon cells [91] is also not depicted. OE, olfactory epithelium (in the
nasal cavity); GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GCL, granule cell layer. Filled triangles denote
excitatory (glutamatergic) synapses; open circles denote inhibitory (GABAergic) synapses. (b) Schematic depiction of decorrelation between two overlapping
representations (« and B), depicted in one dimension (left panel). Canonical ‘Mexican-hat’ decorrelation (upper right panel) generates an explicit inhibitory surround in
which the edges of the representation are inhibited below baseline, yielding a sharp reduction in overlap among similar representations. This computation is performed by
lateral inhibition in the retina and inferior colliculus, and by the nontopographical model of olfactory receptive field decorrelation. A lesser degree of decorrelation can also
be obtained by broad, nonspecific inhibition, including lateral inhibition with an unstructured surround [45,46] (lower right panel), although this imposes a general
reduction in activity across the entire representation. This operation is the general result of lateral inhibitory mechanisms as studied to date in the olfactory bulb. Whereas
both computations can effect a measurable decorrelation, the two transformations differ substantially. (¢) Replication of experimental data from [23] by the
nontopographical model [26] demonstrating Mexican-hat decorrelation in mitral cells among the responses to similar odorants (3-carbon through 11-carbon aliphatic
aldehydes). Periodic bursts of spikes reflect background activity evoked by the respiration cycle; a 2 second odorant stimulus was presented during the third inhalation
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spatial dimensions of retinotopy or the single dimension of
auditory frequency). The sheer diversity of odorant stimuli
clearly violates this constraint. Specifically, the metric for
olfactory similarity is based on profiles of ligand-receptor
potency across glomeruli, with the odor ligands of highest
potency for each OR type comprising the center of its
receptive field. Consequently, the ‘surround’ for any given
OR comprises all odor ligands with weaker potencies for
that receptor, irrespective of the many and diverse ways in
which molecular structural differences in these ligands
could reduce the affinity or efficacy of their receptor
interactions. These many different possible means of
increasing dissimilarity correspond mathematically to a
high-dimensional similarity space (Glossary) and impose
fundamental constraints on how the olfactory system can
and cannot effect standard sensory transformations such
as decorrelation. For example, similarity spaces with
dimensionalities higher than two cannot be continuously
mapped onto a two-dimensional surface such as that of the
MOB [32,33]; instead, they will yield patchy, discontinuous
maps in which proximity cannot be relied upon to reflect
similarities in receptive fields [26]. Indeed, glomerular
organization itself — a highly patchy, discontinuous map
— might just be the simplest means of mapping a high-
dimensional modality onto the brain; notably, glomerular
architectures have evolved independently in vertebrate
and protostome olfactory systems [34] as well as among
the chemosensory neurons of scorpion pectine organs [35].
Discontinuities in representational maps are common
across modalities [36], particularly in higher-order, hetero-
topic representations that incorporate additional stimulus
attributes into sensory representations [17,37-39]. Lack-
ing a continuous topographical representation in the MOB,
then, by what algorithm(s) could similarity-dependent
computations such as decorrelation be performed on odor
representations?

Algorithms for decorrelation in the olfactory bulb
Decorrelation with respect to chemical similarities be-
tween odorants has been observed in the Mexican-hat
response properties of mitral cells [23] (Figure 1c). Several
algorithms have been proposed to mediate this compu-
tation in the MOB, falling into three broad classes: (i)
classical, nearest-neighbor lateral inhibition, (ii) lateral
inhibitory networks with different topologies, and (iii)
entirely local, nontopographical mechanisms.

Lateral inhibition in the olfactory bulb was first pro-
posed by Rall and colleagues [40] on the basis of their
anatomical description of the lateral inhibitory circuitry of
the MOB external plexiform layer (EPL; Figure 1a). In this
layer, the lateral dendrites of activated mitral cells excite
the dendrites of granule cells; these in turn inhibit the
lateral dendrites of the same and other mitral cells
(reviewed in Ref. [41]). This compelling anatomy, along
with its explicit analogies to retinal circuitry, has domi-
nated theoretical interpretations of bulbar function such
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that nearest-neighbor lateral inhibition can be considered
to be the classical model of MOB decorrelation [42]. Some
variants of this classical model have suggested that near-
est-neighbor lateral inhibition operates in the glomerular
layer rather than in the EPL, and operates via the lateral
axonal projections of periglomerular cells [43-45]. How-
ever, despite the apparently appropriate anatomical cir-
cuitry in both layers, there is no evidence to support the
hypothesis that nearest-neighbor lateral inhibition med-
iates decorrelation in the MOB.

Some reports describing ‘center-surround’ functional
organization in the MOB do not distinguish nearest-neigh-
bor inhibition from nonspecific inhibition across the MOB
in their definition of ‘surround’ [45,46]; indeed, some expli-
citly demonstrate that functional inhibition is not localized
to an immediately surrounding region [46]. Other studies
have interpreted the effects of GABA-A receptor blockade
as evidence of lateral inhibition [23,47], although the
experiments performed could not differentiate between
lateral and local (within-column) inhibition, or between
granule cell-mediated inhibition in the EPL and periglo-
merular cell-mediated inhibition in the glomerular layer.
Finally, two additional studies have described proximity-
dependent anatomical features in the MOB that might
suggest privileged near-neighbor interactions. First, a
spatially localized lateral-projection network has been
described that comprises superficial short-axon (sSA) cells
and other glomerular-layer interneurons (Figure 1a); its
relatively localized lateral projections appear to mediate
center—surround interactions among glomeruli [48]. Inter-
estingly, however, theoretical study of this anatomically
center—surround network suggests that small-world net-
work effects could render it functionally nonlocalized - that
is, computationally equivalent to an all-to-all coupled net-
work capable of computing a global average of MOB
activity [25]. Of course, there is substantial metabolic
advantage in implementing the smallest and most loca-
lized network possible that remains capable of mediating
such global effects [49]. The existence of sSA cells con-
sequently does not constitute strong evidence for function-
ally nearest-neighbor computations in the MOB.

Second, mitral cell lateral dendrites project laterally into
the surrounding EPL, initially seeming to form a classical
inhibitory surround (Figure 1a). However, these projections
are extensive enough to suggest that lateral interactions
among MOB columns are not substantially limited by
physical proximity [7,41]. Electrophysiological studies have
reported a distance-dependent reduction in the amplitude of
regenerative action potentials along these dendrites [47,50];
however, analogous studies using calcium imaging show no
such decrement [51-53]. Moreover, recent work using a
retrograde transsynaptic tracer, believed to cross synapses
with an efficiency that reflects the strength of the synaptic
connection, does not support a center—-surround interpret-
ation. Instead, these datareveal a patchy, discrete, distance-
independent matrix of columnar interactions that both

(black bar; green shading). The odorant hexanal [(6)CHO] is near the center of this mitral cell’s receptive field and evokes the strongest activation; pentanal and heptanal
also excite the cell, whereas butanal [(4)CHO] and octanal [(8)CHO] are within its inhibitory surround, and hence evoke a net inhibition. The mitral cell is unresponsive to the
other four odorants. The right panel illustrates how the Mexican-hat function maps onto the trajectory through odor similarity space defined by the homologous odor
series. The plus sign denotes excitation; the minus sign denotes inhibition. Figure adapted from Ref. [26].
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emphasizes the utility of the MOB column concept and
suggests that the strengths of lateral interactions in the
EPL are independent of distance [7], a result supported by
electrophysiological data [28].

Recognizing the implications of these data, a second
class of lateral inhibitory models has been developed that
avoids the limitations of strictly nearest-neighbor inter-
actions [54-56]. The central principle of such models is that
the strength of lateral inhibitory connections in the EPL
between mitral cells of different MOB columns correlates
with the overlap in their receptive fields in a proximity-
independent, functionally high-dimensional manner.
Whereas this is a promising solution in principle, current
evidence suggests that the effects of lateral interactions
among MOB columns do not correlate with the similarity of
their receptive fields [28]. These data argue against the
capacity of EPL lateral inhibition to mediate the decorr-
elation function observed in mitral cell responses to hom-
ologous series of odors (Figure 1lc) [23]. However, as
discussed below, recent evidence suggests that this layer
could mediate a distinct form of decorrelation among
higher-order or acquired odor attributes.

The third class of algorithm eschews targeted lateral
inhibition entirely. Rather, glomerular-layer -circuit
elements are identified that enable each glomerulus in
isolation to construct its own inhibitory surround, render-
ing the locations of other glomeruli irrelevant for purposes
of decorrelation while replicating the experimental results
previously attributed to lateral inhibition in the MOB [26]
(Figure 1c). Briefly, this nontopographical theory proposes
that a subclass of periglomerular (PG) cells, receiving
direct OSN excitation and inhibiting the apical dendrites
of coglomerular mitral cells, is more sensitive to afferent
input than these coglomerular mitral cells and hence will
respond more strongly to odors while otherwise inheriting
an identical chemoreceptive field from the same conver-
gent OSN population (Figure 2a). An appropriate subclass
of PG cells, previously identified via electron microscopy
[57-59], has since been characterized electrophysiologi-
cally; these are now referred to as olfactory nerve-driven
PG cells (PGo; Figures 1a,2b) (Ref. [60]). Moreover, it has
recently been confirmed using calcium imaging that these
PG cells are selectively activated at low afferent input
levels that evoke no apparent activity in their coglomerular
mitral or external tufted cells, and that PG cell-mediated
inhibition is capable of suppressing mitral cell action
potentials [61].

Based on this intraglomerular architecture, the nonto-
pographical model predicts that, for any given glomerular
column, inhibition of mitral cells will predominate when
the odor ligand is of intermediate potency, such that PGo
cells are substantially activated but mitral cells are not,
generating a true inhibitory surround in a high-dimen-
sional odor similarity space that is intrinsically defined by
ligand-receptor potency. The excitatory center of the
mitral cell’s receptive field corresponds to a strong
ligand-receptor potency, such that the mitral cell’s direct
activation by OSNs overpowers its PGo-mediated inhi-
bition (Figure 2a). Notably, in this model, mitral cells
are more strongly inhibited by intermediate-potency
ligands than they are by low-potency ligands, generating

134

Trends in Neurosciences \ol.33 No.3

a true inhibitory surround [23] as opposed to a relatively
unstructured, nonspecific inhibition that can provide only
weak decorrelation effects (Figure 1b). The results of this
model directly replicate the inhibitory surround observed
in mitral cell responses that was previously attributed to
lateral inhibition, provided that changes in odor concen-
tration are normalized or otherwise regulated so as to
prevent the broad overpowering of PG cell inhibition by
increasing odor concentration (the abscissa of Figure 2a
also can reflect concentration). Indeed, the response pro-
files of mitral cells imply the existence of just such a
normalizing process.

Global normalization

One of the clearest transformations between OSN proper-
ties and mitral cell properties is that higher odorant
concentrations lead to broader representations and mono-
tonically greater activity among OSNs and their axon
terminals [62-64], but not among mitral cells, as mitral
cells do not reliably exhibit monotonic increases in firing
rate as a function of increasing odor concentration.
Instead, as odor concentration increases, mitral cells exhi-
bit a number of qualitatively different response profiles: for
example, they might exhibit relatively constant levels of
activity, adjust the temporal distribution of their action
potentials (generally towards shorter latencies), or tran-
sition from excitation at lower odor concentrations to being
inhibited at higher odor concentrations [65-69]. Notably,
those mitral cells that do monotonically increase their
firing rate in response to higher odorant concentrations
are reported to be the strongest-responding cells to the
odor in question — that is, those for which the odorant is in
the excitatory center of their receptive fields [70]. These
diverse response profiles are consistent with the output of a
Mexican-hat decorrelation computation (Figure 1b) in
which the activity of mitral cells stimulated with odorants
comprising the central excitatory peaks of their receptive
fields are predicted to increase in intensity with higher
odorant concentrations, whereas mitral cells stimulated
with odorants in the shoulders of their receptive fields will
exhibit only modest changes in their response patterns as
odorant concentrations change, and mitral cells stimulated
with odorants near the edges of their excitatory receptive
fields will instead become inhibited at higher concen-
trations.

These physiological data reveal the presence of one or
more normalization mechanisms operating at the level of
the first synapse, such that the absolute variability in
mitral cell response intensities is limited and changes in
odor stimulus properties will excite some mitral cells while
inhibiting others [65-69] (in principle, normalization
implies that the mean population activity among mitral
cells remains roughly constant). Normalization enables
relational representations in which the relative pattern
of activity among mitral cells is the best predictor of odor
quality, and facilitates odor recognition irrespective of
concentration [25] (interestingly, middle tufted cells, a
separate class of projection neuron in the MOB often
considered together with mitral cells, receive less intrinsic
inhibition than mitral cells and are consequently more
consistently excited by higher odor concentrations [71]).
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Figure 2. lllustration of the nontopographical model for olfactory receptive field decorrelation. (a) Level of activation of selected MOB neurons as a function of ligand-
receptor potency in its presynaptic OSN population. All response profiles depicted are from neurons innervating the same glomerulus. Negative values of neuronal
activation connote inhibition. Odors with very weak potencies for the OR in question evoke no OSN activity and hence no mitral cell activity. Increasing the ligand-receptor
potency to the point where it evokes OSN activity begins to excite PGo neurons that, owing to their high input resistance and small gemmule volume, respond strongly to
even weak inputs and deliver local intraglomerular inhibition onto mitral cells. Moderate ligand-receptor potencies begin to also directly activate mitral cells (Mi;,,), but this
excitation is overpowered by the inhibition received from the more strongly activated PGo neurons, that shunt away depolarizing current such that the overall net response
of mitral cells (Mio,) is inhibitory. Strong ligand-receptor potencies excite mitral cells more strongly, overwhelming the capacity of PGo inhibition to impair spike
generation and hence evoking action potentials in mitral cells. The result is that mitral cells exhibit an excitatory response to high-potency odorant ligands, and an inhibitory
response to odorant ligands of moderate potency —that is, to the ‘surrounding’ region in a space defined by odor quality, as illustrated in Figure 1c. Figure adapted from Ref.
[26]. (b) Illustration of the triune synapse at which an OSN excites a mitral cell and PGo cell gemmule in parallel, and the PGo cell immediately inhibits the mitral cell. This
synaptic triad is the basis for nontopographical intraglomerular inhibition proposed to mediate decorrelation among similar OR receptive fields.

The mechanisms of olfactory normalization among mitral
cells, however, remain a subject of study.

The broad concentration-response functions provided
by OSN populations [72] are compressed in several ways by
MOB circuitry, notably via the presynaptic inhibition of
OSN terminals [73]. This compression, as with that
observed in other cortices [74], is probably essential to
enable the limited dynamic range of mitral cells to encode
sensory information across wide ranges of odorant concen-
tration. True population normalization, however, requires
integration of the activation levels across MOB columns so
that an appropriate level of inhibition can be delivered to
each column. Theoretical modeling [25] has suggested that
such a normalization effect can be mediated in the MOB by
a lateral excitatory network in the deep glomerular layer
interconnecting sSA and external tufted (ET) cells
(Figure 1a) (Ref. [48]). Specifically, this network has been
proposed to deliver a globally averaged level of afferent
activation onto a second class of PG cells; these PGe cells
are driven primarily by ET cells and inhibit their coglo-
merular mitral cells [60]. In this model, activation of PGe
cells by the ET/sSA cell network inhibits all mitral cells in
proportion to the global average of all olfactory afferent
input activity, normalizing odor representations so as to
emphasize relational rather than absolute levels of affer-
ent excitation [25]. Whereas lateral excitatory networks, if
sufficiently densely interconnected, have the inherent
property of distributing excitation relatively uniformly
across their membership even if the initial (afferent) exci-
tation is heterogeneous, the ET/sSA network is only
moderately dense and is localized in its connectivity [48]
(Figure 3a). However, sSA axonal profiles include a sub-
stantial minority of long-range projections, theoretically
sufficient to evoke small-world effects [75] such that the

measured connectivity in this network is functionally
equivalent to an all-to-all matrix of connections, but at
greatly reduced metabolic cost (Figure 3b) [25]. An import-
ant implication of this finding is that center-surround
anatomical profiles do not necessarily imply center-sur-
round functional computations.

This model predicts that activity in sSA cells should be
relatively uniform across the extent of the MOB. Theor-
etical predictions of activity levels among ET cells, by
contrast, are less well constrained, in part because each
receives heterogeneous afferent inputs from OSNs as well
as the theoretically uniform level of excitation received
from sSA cells. Like PG cells, ET cells also comprise at least
two discrete subpopulations with different morphological
and electrophysiological properties [76]. Recordings from
ET cells demonstrate that they are spontaneously bursting
and resonant in the respiratory theta band [77,78], inter-
connect glomeruli associated with the same OR [79], and
participate in short-term synaptic plasticity within the
glomerular microcircuit [60]. The full role of ET cells within
MOB circuitry remains unclear.

Computations in the external plexiform layer

If normalization and the decorrelation of odorant repres-
entations are indeed mediated in the MOB glomerularlayer,
what might be the role of the broadly interconnected lateral
inhibitory network of the EPL? The capacity of this layer for
arbitrary, distance-independent connections among MOB
columns [7,28], and for learning-dependent plasticity
therein that modifies odor perception [80] based on the
stimulus-selective [81] and NMDA-dependent [82,92] sur-
vival of new granule cells, suggests a powerful engine for
processing high-dimensional odorant representations, and
the predominance oflateral inhibitory connections suggests
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Figure 3. Normalization of mitral cell gross activity levels via the external
tufted/superficial short-axon cell (ET/sSA) network. (a) Schematic depiction of
lateral connectivity in the deep glomerular layer via sSA cells [48]. Dye
injections into single glomeruli (red glomerulus) indicate that ~50 sSA neurons
project axons to a given glomerulus (twenty sSA neurons are depicted here);
furthermore, whereas sSA cell axons branch extensively, for clarity only one
axonal branch per sSA neuron is depicted. The dendritic arbors of sSA
neurons extend across a small number of glomeruli (depicted as light grey
arbors around each sSA neuron). Of the sSA neurons projecting axons to a
given glomerulus, 50% are located over 5-7 glomerular diameters away from
the injected glomerulus (denoted by a large circle), whereas 10% are located
over 15-18 glomerular diameters distant (the two neurons depicted in the lower
corners). The longest sSA axons extend 20-30 glomerular diameters, an
appreciable fraction of the circumference of the MOB (~80 glomerular
diameters in rats or mice). Grey circles denote glomeruli. Data drawn from
Ref. [48]. (b) The interglomerular connectivity of the ET/sSA network is
functionally equivalent to a fully-connected all-to-all network [25]. The
abscissa denotes an overall measure of sSA network connectivity between
the hypothetical extremes of no ET/sSA connectivity at all (fully isolated
glomeruli) and full connectivity in which every glomerulus is directly
linked to every other glomerulus (all-to-all connections). The greater the
connectivity, the lower the variance in the activation levels among sSA
neurons. That is, zero connectivity means that sSA neurons directly inherit
(via ET cells) the heterogeneous odor-evoked activation levels of the OSNs
associated with the nearest glomerulus, such that different sSA neurons
differ widely in their activation levels across the MOB. By contrast, full
connectivity implies that every sSA neuron receives essentially the same
amount of afferent input (by receiving excitation drawn from every glomerulus
in the MOB), that produces minimal variance in the activity levels among
different sSA neurons. An estimate of actual ET/sSA connectivity in the mouse
MOB (dashed vertical line) suggests that this center-surround connectivity
pattern exerts the same quantitative, normalizing effect as would a fully-
connected all-to-all network, but at a fraction of the metabolic cost. Figure
adapted from Ref. [25].
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a capacity for decorrelation operations. Yet this network is
poorly situated to decorrelate odor representations based
upon OR receptive field overlap. The apparent efficacy of
lateral interactions does not correspond to a pattern of
receptive field similarities [28], and it is indeed difficult to
see how such a map could possibly be generated. The
potency-based inhibitory surround provided to mitral cells
by coglomerular PGo cells in the glomerular layer is no
longer available in the EPL (Figure 1la). Hypothetical
activity-dependent mechanisms, by which lateral inhibitory
connection strengths among mitral cells in different MOB
columns depend on the probability of their co-activation,
cannot distinguish between the co-activation of two ORs
owing to receptive field overlap and their co-activation
owing to the correlated presence of two dissimilar odor
features (perhaps comprising different parts of the same
odorant molecule), and hence cannot construct a similarity
map based solely on the former. Whatever operations are
being transformed within the EPL lateral inhibitory net-
work, these probably include decorrelation [55] but do not
appear to include the decorrelation of odor representations
based upon the similarity space defined by odorant struc-
tural similarities. What other aspects of odor representa-
tions might then be decorrelated at this level?

The evidence to date suggests an exciting possibility.
The EPL is theoretically capable of an arbitrarily high-
dimensional decorrelation of odor representations, but
lacks a predefined similarity space in which to base these
computations. Perhaps there is no such fixed space. More
precisely, perhaps transformations based on elemental
odor similarities are completed within the glomerular
layer, and the role of the EPL is instead to re-transform
these odor representations according to additional, higher-
order, similarity-independent factors, such as experience,
context, and patterns of learned contingency. Indeed, dec-
orrelation operations in such a plastic similarity space
generally require a feedback architecture such as that of
the EPL, as distinct from the predominantly feed-forward
architecture (and relatively fixed similarity space) of the
glomerular layer [18]. It is well established that odor
learning, context, and top-down neuromodulation do affect
mitral cell responses to odor stimuli [83-86], though com-
putations in particular MOB layers are not specifically
implicated in most studies. However, EPL computations
(in the sense of the learning-dependent selective survival of
new granule cells) do appear to underlie an experience-
dependent remapping of odor space that allocates
additional resources (granule cells) to enable behavioral
discrimination between highly similar odorants once
experience has demonstrated that they are distinct [80].
Such disproportionate remapping is a recurring property of
sensory systems, reflecting the selective allocation of meta-
bolic resources to specific regions of sensory space, whether
directly based on primary receptor distributions (as in the
somatosensory homunculus [87]), on learning, or on the
higher-order statistics of natural scenes [17-19,88].

Notably, whereas the organization of primary repres-
entations often is inherited by subsequent sensory struc-
tures, the transformations mediated in these secondary
structures may concern higher-order stimulus attributes
rather than the elemental similarity features of the
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primary representation. For example, whereas primary
visual cortex (V1) inherits a basic retinotopic organization,
additional maps of orientation, spatial frequency, ocular
dominance, and other higher-order attributes of the visual
scene also are embedded into its cortical architecture
[17,38]. Decorrelation and related tuning operations in
V1 are performed with respect to higher-order visual
stimulus attributes rather than retinotopy per se — for
example, the regulation of orientation selectivity [89].
Whereas the details of these operations are modality-
specific, EPL computations in the MOB also might reflect
such higher-order stimulus attributes, as well as the effects
of learned associations and/or behavioral state.

Conclusion

Olfactory sensory responses can be usefully described as a
cascade of successive representations, each undergoing
specific transformations that can be theoretically and
experimentally elucidated. The primary olfactory repres-
entation is that mediated by OSNs. Among the properties
of this representation are a direct dependence on the
properties of OR receptive fields and a strong sensitivity
to odor concentration that can obscure the consistent
representation of odor quality. By contrast, the secondary
olfactory representation, as mediated by mitral cells and
propagated to several areas of the brain, is relational and
reflects both afferent OSN activity and intrinsic factors
including the effects of behavioral state and accumulated
experience. The transformations between the primary
representation and this secondary representation can be
grouped into two successive stages: glomerular-layer com-
putations and EPL computations. Glomerular-layer com-
putations are likely to normalize afferent activity levels
into a manageable dynamic range and to mediate the
decorrelation of odor representations with respect to the
odors’ structural similarities, as identified by the patterns
of overlap in OR receptive fields. Subsequent EPL compu-
tations are less clear, but might further decorrelate and
modify secondary odor representations with respect to
higher-order odor attributes, olfactory experience and
learning, and/or other factors (as opposed to the tradition-
ally construed form of olfactory decorrelation that is based
upon odorant structural similarities and studied using
homologous series of odorants). In summary, the MOB
implements a coordinated set of early sensory transform-
ations directly analogous to those in other sensory systems,
but must accomplish these with unique circuit architec-
tures and algorithms adapted to the olfactory modality.
Further elucidation of the intrinsic learning mechanisms
and top-down neuromodulatory effects within the MOB, as
well as appreciation of the complex properties and pro-
blems of natural olfactory scenes, will be crucial for un-
derstanding the full role of the MOB and the nature and
structure of the information that it provides to the piriform
cortex and other downstream structures.
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