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a b s t r a c t

Since its designation in 1896 as a putative olfactory structure, the olfactory tubercle has received little
attention in terms of elucidating its role in the processing and perception of odors. Instead, research on
the olfactory tubercle has mostly focused on its relationship with the reward system. Here we provide a
comprehensive review of research on the olfactory tubercle—with an emphasis on the likely role of this
region in olfactory processing and its contributions to perception. Further, we propose several testable
hypotheses regarding the likely involvement of the olfactory tubercle in both basic (odor detection,
discrimination, parallel processing of olfactory information) and higher-order (social odor processing,
hedonics, multi-modal integration) functions. Together, the information within this review highlights an
arallel-processing
asal ganglia
erception
ensory integration
lfactory cortex
lfactory perception
lfactory behavior
ociosexual behavior

understudied yet potentially critical component in central odor processing.
© 2010 Elsevier Ltd. All rights reserved.
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Fig. 1. Gross anatomy of the olfactory tubercle. (A) Image (left) and rendering (right)
of the ventral surface of the mouse (mus musculus) brain showing the anatomical
locations of the olfactory bulb (OB), olfactory tubercle (Tu) and piriform cortex (PCX).
Sensory information from the OB travels into the Tu and PCX via the lateral olfactory
tract. The Tu in the mouse (and other rodents) is identifiable as a pronounced region
56 D.W. Wesson, D.A. Wilson / Neuroscience

. Introduction

The formation of a sensory percept results from the processing
f information across a distributed network of brain regions—each
ontributing uniquely to perception. In some cases the processing
uilds hierarchically as the information flows from one region to
he next, with later regions building on the outcomes of earlier
egions. This mode is exemplified by, for instance, the increasing
omplexity and size of visual receptive fields as information travels
rom the retina to the visual cortex. In other cases, different com-
onents are specialized for specific information content (e.g., visual
ovement versus visual objects). Within these schemata, extensive

eciprocal and feedback connections within and between the sen-
ory system and other systems further contribute to the emergence
f the percept. A complete understanding of perception, therefore,
ill only result from understanding the role of every component

cross the entire network.
Olfaction is dependent on a large network of multiple pri-

ary and secondary processing centers which are connected in
oth serial and parallel manners. Adding to the complexity, some
f these centers are reciprocally connected with non-olfactory
egions. At the simplest level, olfactory receptor neurons project
nto the olfactory bulb and the output of the olfactory bulb projects
o the olfactory cortex. The olfactory cortex – those areas with
irect afferents from the olfactory bulb – is a three layered cor-
ex composed of several distinct subregions, the largest of which is
he piriform cortex (Haberly, 1998). The two other major compo-
ents of the olfactory cortex are the anterior olfactory cortex (also
ermed ‘anterior olfactory nucleus’ (Haberly, 2001; Brunjes et al.,
005) and the subject of this review, the olfactory tubercle.

The olfactory tubercle [tuberculum olfactorium] was first
escribed in 1896 by Rudolf Albert von Kölliker (Kölliker, 1896).

ts reception of major olfactory bulb input has been known for
ver 50 years (White, 1965). However, with the exception of exten-
ive research on its general anatomy, neurochemistry, and role in
he reward system, almost nothing is known about the sensory
rocessing functions of the olfactory tubercle. There are several
xcellent recent reviews of the role of olfactory tubercle in reward
e.g., (Heimer, 2003; Ikemoto, 2007), though these rightfully ignore
he sensory role of this structure. The purpose of this review, there-
ore, is two-fold. First, we will summarize the relatively sparse data
ertaining to the olfactory processing functions of the olfactory
ubercle. Second, we will use this data as a basis to postulate some
estable hypotheses regarding the contributions of the olfactory
ubercle to olfaction and behavior. This review is intended to not
nly serve as a necessary foundation to understanding the olfactory
ubercle, but also to spark future investigations into the role of this
nigmatic structure in olfaction.

. Where is the olfactory tubercle?

The olfactory tubercle differs in location and relative size
etween humans, non-human primates, rodents and other animals.

n most cases, the olfactory tubercle is identifiable as a round bulge
long the basal forebrain, posterior to the olfactory peduncle yet
nterior to the optic chiasm. For instance, in rodents (i.e., rats, mice
nd hamsters) and birds (i.e., pigeons and quail) the olfactory tuber-
le is readily identifiable as a large, pronounced, elliptical bulge
ested between the lateral olfactory tract, the optic chiasm and the
emispheric midline ridge (Fig. 1A) (Millhouse and Heimer, 1984).
ndeed, the olfactory tubercle occupies a considerably large portion
f the basal forebrain in these animals (Fig. 1A and B).

On the other hand, visual identification of the olfactory tubercle
n humans and non-human primates is not as easy. This difficulty
n identifying the olfactory tubercle stems from the fact that the
nested between the optic and lateral olfactory tracts. (B) Sagittal rendering of the
rodent brain, designating the location of the Tu in the basal forebrain (gray shaded
region). Drawing in (B) is adapted from (Paxinos and Franklin, 2000).

basal forebrain bulge is small, if not mostly absent in these species.
Thus, anatomical definitions of the olfactory tubercle in these cases
are not consistent. For example, whereas some have considered
the human olfactory tubercle to include all of the anterior per-
forated space (Rose, 1927; Crosby and Humphrey, 1941), others
have designated the slightly more-prominent region of the perfo-
rated space, posterior to the olfactory stalk, as the olfactory tubercle
(Nauta and Haymaker, 1969; Stephan, 1975). In more recent human
brain imaging studies (Sobel et al., 2000; Weismann et al., 2001)
the olfactory tubercle is identified as a small zone nested between
the uncus and the medial forebrain bundle, ventral to the anterior
olfactory cortex. In non-human primates, the olfactory tubercle is
usually identified as a small region immediately posterior to the
olfactory stalk. Importantly, only a portion of this region in non-
human primates receives direct olfactory input from the olfactory
bulb (Carmichael et al., 1994). Thus, as part of the olfactory cortex,
the designation of the olfactory tubercle ideally should be based
upon these regional distinctions in combination with histological

verification of direct, monosynaptic input from the olfactory bulb
(as discussed in more detail later).

In terms of functional anatomy, the olfactory tubercle can be
considered part of at least three larger networks. First, based on
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Fig. 2. Local anatomy of the olfactory tubercle. Coronal diagram of the basal fore-
brain in a mouse (Mus musculus) showing detailed anatomy of the olfactory tubercle
(Tu, gray shaded region). As discussed within the text, the Tu ‘cortical’ zone contains
a trilamilar region wherein the dense cell layer (layer II, dashed region) possesses
numerous gyrating ‘hills’. At the trough of these hills are small granule cell clusters
(gc). Within the cap region of the tubercle are projections from the ventral pal-
lidum (VP) and also small dense cell clusters called the islands of Calleja (IC), some
of which are off-shoots of the nucleus accumbens (NAc). CPu—caudate putamen,
D.W. Wesson, D.A. Wilson / Neuroscience

ts location along the rostral ventral region of the brain, the olfac-
ory tubercle is considered part of the basal forebrain, along with
iagonal band nuclei, nucleus accumbens, and amygdaloid nuclei
Alheid and Heimer, 1988). Second, the focus of this review stems
rom the olfactory tubercle as a component of the olfactory cortex
s defined by receiving direct input from the olfactory bulb. This
lfactory input makes odor a likely major driving force of olfac-
ory tubercle activity. Finally, based on embryology, anatomy and
eurochemical data (Alheid and Heimer, 1988; Voorn et al., 2004),
he olfactory tubercle is considered part of the ventral striatum.
ike other parts of the striatum, the olfactory tubercle is intercon-
ected with the ventral pallidum, and has a number of similarities
ith other striatal regions including neuropeptide expression and

ell morphology. Some authors also divide the olfactory tuber-
le into medial and lateral subdivisions, with the medial region
ligned with the extended amygdala (Alheid and Heimer, 1988;
oorn et al., 2004). However, terminology and neuroanatomical
oundaries within the striatum and rostral basal forebrain are
y no means fixed (Swanson and Petrovich, 1998; Voorn et al.,
004). Understanding commonalities and differences between the
lfactory tubercle and its surrounding structures will be helpful in
dentifying possible functions of this region.

. Neurodevelopment of the tubercle

Compared to other cortical structures, the olfactory tubercle
as an unusual cytoarchitecture which includes both cortical and
uclear organization (Pigache, 1970). Whereas the ventral por-
ion of the olfactory tubercle is tri-laminar and cortical-like, the
orsal portion contains dense cell clusters (the islands of Calleja
nd cell bridges) and adjoins (even contains) the ventral pallidum.
everal studies have contributed to understanding neurogenesis
f the olfactory tubercle and the greater olfactory cortex (Hinds
nd Angevine, 1965; Smart and Smart, 1977; Bayer, 1985, 1986;
shwell et al., 2008; Garcia-Moreno et al., 2008). Migrating cells

rom multiple developmental sites converge to form the olfactory
ubercle (Garcia-Moreno et al., 2008) including the ventral lat-
ral ganglionic eminence and the rostromedial telencephalic wall.
otably, whereas subsets of cells from the rostromedial telen-
ephalic wall also project to the neighboring piriform cortex, the
nput of cells from the ventral lateral ganglionic eminence to the
lfactory tubercle is apparently unique amongst olfactory cortical
egions (Garcia-Moreno et al., 2008).

Early autoradiographic work by Bayer (1985) showed that olfac-
ory tubercle neurons originate as early as embryonic day 13 (E13).
urther, the time-course of cell development/placement occurs in
layer specific manner. In particular, large neurons in layer III

the multiform layer) originate from E13 to E16. Cells in layer II
dense cell layer), the small–medium cells in layer III, and the stri-
tal bridges originate between E15 and E20. These previous cell
roups develop along a lateral to medial gradient. Island of Calleja
ranule cells originate between E19 and E22, although neurogen-
sis and migration of these granule cells into the islands of Calleja
ontinues until well after birth in the mouse (De Marchis et al.,
004) and primate (Bedard et al., 2002). Citing analogies to the
ime-course of neurogenesis in the striatum, globus pallidus, and
ubstantia innominata, Bayer (1985) postulated that the olfactory
ubercle should be considered more like a striatal-pallido region,
ersus an olfactory one.

This development of the olfactory tubercle coincides closely

ith the development of olfactory bulb input (Schwob and Price,

984a,b). The emergence of the 3 main layers of the olfactory tuber-
le begins approximately simultaneously. Further, this happens
round the same time as the emergence of the layers in the pir-
form cortex (Schwob and Price, 1984a). In particular, around E17
Pir—piriform cortex, LOT—lateral olfactory tract. Drawing adapted from (Paxinos
and Franklin, 2000), at the anterior/posterior location indicated in Fig. 1B (dashed
line).

fibers from the lateral olfactory tract begin to branch into the olfac-
tory tubercle. The lateral olfactory tubercle (adjoining the lateral
olfactory tract) receives the densest fiber input, whereas the medial
olfactory tubercle receives only light fiber projections (Schwob and
Price, 1984a). Such fiber distribution patterns are seemingly com-
plete by the end of the first postnatal week. Notably, these two
areas (the olfactory tubercle and piriform cortex) develop lami-
nation prior to the anterior olfactory cortex (Schwob and Price,
1984a)—perhaps suggesting greater maturity (and function) of the
olfactory tubercle and piriform network early in life in comparison
to the anterior olfactory cortex. Functional mapping of olfactory
system activation by odors with [14c]-2-deoxy-D-glucose (2DG)
analysis, however, has revealed that the olfactory tubercle is acti-
vated along with other secondary olfactory structures (including
the anterior olfactory cortex) starting as early as postnatal day
1 (Astic and Saucier, 1981). In summary, these data demonstrate
that the cellular and network components of the olfactory tubercle
are assembled in a manner allowing functional input of olfactory
information, even early in life.

4. Morphological and neurochemical features of the
olfactory tubercle

Originally, the olfactory tubercle was classified as a primitive
cortex (‘cortex primitivus’) (Brodmann, 1909). However, some later
anatomical investigations of the olfactory tubercle did not classify it
as cortical (e.g., (Gray, 1924)). Unlike other archicortical structures,
the olfactory tubercle is not a ‘simple’ trilaminar region. Instead,
the olfactory tubercle is a trilaminar structure in the anterior-most
aspects, which, in the more ventral areas becomes a peculiar gyrat-
ing structure with anatomically defined ‘hills’ (gyri and sulci) and
‘islands’ (Fig. 2). A somewhat poetic description of the tubercle was
given by Gray (1924): “a broad band of densely crowded, granu-
lar cells pursues a tortuous course across this region”. This picture

painted by Gray highlights the ‘hills’ created by the dense cell layer
of the tubercle. Further, unlike other olfactory cortical areas (piri-
form and anterior olfactory cortex), the olfactory tubercle does not
possess an association fiber system (Haberly and Price, 1978).
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Fig. 3. Olfactory tubercle cytoarchitecture. Serial coronal sections of the fore-
brain of mice (Mus musculus; spanning from apx. +2.5 to −0.5 mm relative to
bregma) showing the cytoarchitecture of the olfactory tubercle (Tu) with both
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cetylcholinesterase (AchE) and Nissl staining. PCX—piriform cortex, LOT—lateral
lfactory tract, ACo—anterior commisure. Red dashed zone indicates the approxi-
ate region of the Tu. Images adapted from http://brainmaps.org.

At least in higher mammals (e.g., cats) the olfactory tubercle
an be divided into two main components, a cortical zone and
cap/hilus zone (Meyer and Wahle, 1986). Whereas in higher
ammals (Meyer and Wahle, 1986) these components are more

iscretely identifiable, in smaller macrosomats these regions may
e contiguous—perhaps being separated by <500 �m distance (see
ig. 2). The cap region forms ∼5 gyri (in rodents) which reside ven-
ral to the islands of Calleja. Such gyrations are less pronounced in
he more anterior aspects of the olfactory tubercle.

One of the most striking features of the olfactory tubercle are
ightly packed cell clusters which reside dorsally to the dense cell
ayer (see Figs. 2 and 3). Named after Julián Calleja y Sánchez
rom anatomical studies in rabbits (Calleja, 1893), these “islands”
re rod-like structures which extend rostro-caudally through the
ajority of the olfactory tubercle (de Vente et al., 2001). The islands

f Calleja have many GABA-ergic granule cells with short, sparse
rocesses, as well as a population of larger cells with longer den-

rites (Ribak and Fallon, 1982; Krieger et al., 1983; Millhouse, 1987;
eyer et al., 1989). The outer-most cells of the islands of Calleja are

nnervated by dopaminergic projections from the nucleus accum-
ens and the substantia nigra compacta (Fallon et al., 1978). The
iobehavioral Reviews 35 (2011) 655–668

most medially positioned island of Calleja is in fact an extension
of the nucleus accumbens (Talbot et al., 1988b). The neuropil sur-
rounding the islands is innervated by vast cholinergic projections
and the islands of Calleja stain heavily for acetylcholinesterase (e.g.,
as shown in Fig. 3) and choline acetyltransferace (Talbot et al.,
1988a). The neuropil of the islands of Calleja also contains nitric
oxide synthase (Vincent and Kimura, 1992). The olfactory tubercle
is also dense in other neurochemicals and their respective recep-
tors (Rieger and Heller, 1979; Alheid and Heimer, 1988; Riedel et
al., 2002). Yet as current reviews on this subject are already avail-
able (Alheid and Heimer, 1988; Ikemoto, 2007) we will not go into
further detail here.

Using Golgi methods in rats, Millhouse and Heimer (1984) found
several distinct cell types in the olfactory tubercle (in addition to
those reviewed above within the islands of Calleja) (see Fig. 4).
These cell types are classified based upon somatic size and den-
dritic structure. Further, the cells reside often in one or one to two
cell layers of the tubercle. The most common cell type in the olfac-
tory tubercle is the medium-sized dense-spine cell. The soma of
this cell type is found predominately in the dense cell layer (layer II)
and as the name implies, its dendrites are covered in spi axons into
the dorsal multiform layer (Millhouse and Heimer, 1984). Medium-
sized dense-spine cells also project into the nucleus accumbens and
the caudate putamen (Fallon, 1983a)—linking the olfactory tubercle
within the pallidum. The largest cell in the olfactory tubercle is the
crescent cell, named after its crescent-shaped cell body. The cres-
cent cells are found within both the multiform (layer III) and dense
cell layers (layer II). Two additional morphologies of medium-
sized cells reside in the multiform and dense cell layers, including
spine-poor neurons and spindle cells—both types set apart from
the medium-sized dense-spine cells due to their sparse dendritic
trees. Finally, there are three classes of small cells in the olfactory
tubercle, found mostly in the dense cell (layer II) and molecular
layers (layer I). First, there are pial cells which resemble miniature
medium-sized densely spined cells. Pial cells are named due to their
location near the pial surface. Second, radiate cells are identified by
their numerous multi-directional spineless dendrites. Third, simi-
lar to pial cells, small spine-rich cells also look like medium-sized
spine-rich cells yet are not located near the pial surface (Ribak and
Fallon, 1982).

Work in the olfactory tubercle of larger mammals has shown
that small pyramidal-like cells (perhaps the medium-sized dense-
spine cells from (Millhouse and Heimer, 1984)) project from the
dense cell layer of the cortical zone of the olfactory tubercle
into both the hilus region and the accumbens part of the ventral
pallidum (Meyer and Wahle, 1986). Perhaps in relation to this, sim-
ilarities between the morphology of olfactory tubercle cells with
those in the accumbens has resulted in speculation that some cells
in the olfactory tubercle are ventral pallidum cells (Millhouse and
Heimer, 1984). Indeed, due to its interconnections with the meso-
corticolimbic system, the olfactory tubercle along with the nucleus
accumbens make up the anatomical region of the ventral stria-
tum (Heimer and Wilson, 1975). This is especially evident upon
examination of acetylcholinesterase staining of coronal sections
through the forebrain – wherein the staining forms a clear con-
tinuum between the accumbens and the olfactory tubercle (see
Fig. 3). This same neurochemical phenotype supports a differenti-
ation between the olfactory tubercle and the neighboring piriform
cortex, which is not dense in acetylcholinesterase (Fig. 3).

5. Olfactory input into the olfactory tubercle
The olfactory tubercle receives monosynaptic olfactory input
from both the olfactory bulb and the piriform cortex (White, 1965;
Haberly and Price, 1977; Luskin and Price, 1983; Schwob and Price,
1984a; Johnson et al., 2000). Axons of olfactory bulb second order

http://brainmaps.org/
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Fig. 4. Cellular diversity in the olfactory tubercle. Golgi impregnated cells from the olfactory tubercles of rats (adapted, modified, and classified based on original work by
Millhouse and Heimer (1984) and Millhouse (1987) reconstructed together within a single diagram. The three cell layers ML (molecular layer), DCL (dense cell layer), and
MFL (multi-form layer) are indicated. Cells include granule cells (located within the islands of Calleja (IC)), crescent cells (c), dwarf cells (d), radiate cells (r), pial cells (p),
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ell body sizes are not precise to scale. Due to space, this image does not reflect the

eurons (mitral and tufted cells) fasciculate to form the lateral
lfactory tract which travels along the ventral–lateral aspect of the
rain. A subset of lateral olfactory tract axons enter the molecular

ayer of the olfactory tubercle (layer I) where they likely synapse
nto olfactory tubercle principle neurons in the dense cell layer (see
ig. 5) (Scott et al., 1980). Whereas the piriform cortex is mostly
nnervated by mitral cells, tufted cells from the ventral portion of
he olfactory bulb send a large, if not dominant, dominant projec-
ion into the olfactory tubercle (Scott et al., 1980) (see Fig. 6). Thus,
here are two ‘sources’ of output from the olfactory bulb. Given that
ufted cells display enhanced sensitivity to odors at lower concen-
rations, enhanced entrainment to respiratory cycles, and broader
eceptive fields in comparison to mitral cells (Mori and Shepherd,
994; Shepherd et al., 2004), the olfactory tubercle may be integral
o a parallel processing network for olfactory information alongside
he piriform cortex.

There is recent functional evidence for dual pathways of olfac-
ory input into the olfactory tubercle (Carriero et al., 2009). Carriero
t al. (2009) showed that lateral olfactory tract stimulation results
n a biphasic voltage sensitive dye response in the olfactory tuber-
le. In support of the hypothesis that each phase of this response
as due to unique input from the olfactory bulb and piriform cortex

eparately, the authors revealed that severing the lateral olfac-
ory tract projection into the piriform cortex reduced the olfactory
ubercle’s secondary biphasic response. Also, possibly answering
hether the olfactory tubercle is more or less homogenously acti-

ated in response to odors (here modeled with electrical simulation
f the lateral olfactory tract), these experiments demonstrated
hat the voltage spread across the surface of the olfactory tubercle

ravels in a more-or-less homogenous gradient from lateral (adja-
ent to the lateral olfactory tract) to medial (Carriero et al., 2009).
uch observations are consistent with the fact that more olfactory
ulb afferent fibers terminate in the lateral versus medial molec-
lar layer of the olfactory tubercle (Schwob and Price, 1984a) (see
ells (lsp), medium-sized densely spined cells (msds), symmetrical, medium-sized
o compose a cell bridge (b) between the olfactory tubercle and the ventral striatum.
are approximately 5–8 �m. lsp and lms cell bodies reach up to 20 �m in diameter.
’ created by the dense cell layer as it spans the lateral–medial distance (see Fig. 2).

Fig. 5). Alternative hypotheses for compartmentalization of odor
processing in the olfactory tubercle exist (Josephson et al., 1997).
For example, based on axonal tracing data, sub-regions of the olfac-
tory tubercle may have reduced levels of olfactory sensory input
(Josephson et al., 1997). Indeed, as shown in Fig. 5, the zone of the
olfactory tubercle most distal from the lateral olfactory tract is only
sparsely innervated by olfactory bulb input.

The olfactory tubercle also receives indirect input from the
accessory olfactory system (Ubeda-Bañona et al., 2007b; Ubeda-
Bañona et al., 2007a). The accessory olfactory bulb projects into
the posteromedial cortical amygdaloid nucleus in rodents (Kevetter
and Winans, 1981). In turn, the posteromedial cortical amygdaloid
nucleus projects into the ventral striatum, including the olfactory
tubercle (especially the medial olfactory tubercle and the islands of
Calleja) (Ubeda-Bañona et al., 2007b). Unlike in the main olfactory
system, we are not aware of evidence for direct (monosynaptic)
input to the olfactory tubercle from the accessory olfactory bulb.
Thus, both accessory and main olfactory systems converge in the
olfactory tubercle—presenting this structure as a ‘mixed’ olfactory
cortex (Martinez-Marcos, 2009). These anatomical points highlight
the likely role of the tubercle in the processing of odors.

6. Interconnections of the tubercle with other regions

As shown in Fig. 7, the olfactory tubercle is interconnected
with sensory, cognitive, endocrine, and reward-related centers in
the brain. As previously discussed, major olfactory sensory input
arrives in the olfactory tubercle via direct projections from the
olfactory bulb output neurons (Fig. 6) (White, 1965; Scott et al.,

1980), the nucleus of the lateral olfactory tract (Santiago and
Shammah-Lagnado, 2004), and association fiber input from the
piriform cortex (Luskin and Price, 1983). The olfactory tubercle
additionally receives fibers from the agranular insular cortex (Reep
and Winans, 1982), endopiriform nucleus (Fallon, 1983b; Behan
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Fig. 5. Olfactory fiber input into the olfactory tubercle. ‘Flattened cortex’ image through the mouse (Mus musculus) forebrain with olfactory sensory fibers loaded with
PHA-L (Phaseolus vulgaris leucoagglutinin, by injection into the ventral main olfactory bulb) and visualized with DAB (3,3′-diaminobenzidine; brown) after anti-PHA-L
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mmunohistochemistry. Cell nuclei are counterstained with Vector Nuclear Fast R
OT—lateral olfactory tract. Tu—olfactory tubercle. PCX—anterior piriform cortex.
ulb). Images courtesy of Ningdong Kang and Michael Baum (Boston University).

nd Haberly, 1999) and entorhinal cortex (Haberly and Price, 1978).
lso as discussed earlier, indirect accessory olfactory input also
rrives in the olfactory tubercle from the amygdala (which receives
irect input from the accessory olfactory bulb) (Ubeda-Bañona et
l., 2007b).

The olfactory tubercle is heavily interconnected with the reward
ystem (for review see Ikemoto, 2007). Reward system projec-
ions into the olfactory tubercle include the rostral linear nucleus
f the ventral tegmental area (Del-Fava et al., 2007), the nucleus
ccumbens (Zahm and Heimer, 1993), the medial forebrain bun-
le (Gaykema et al., 1990) and the substantia nigra (Fallon et al.,
978). Also, the olfactory tubercle receives additional input from
he amygdala, including the medial nucleus (Usunoff et al., 2009),
osterolateral olfactory amygdala (Ubeda-Bañona et al., 2007b),

osterior nucleus, periamygdaloid cortex and the cortical nuclei
f the amygdala (Fallon, 1983b). Finally, the olfactory tubercle
s innervated by the thalamus and hypothalamus, including the
araventricular and paratenial nuclei of the dorsal midline thala-
us (Vertes and Hoover, 2008), the lateral hypothalamus (Fallon,
d) which readily identifies spherical granule cell clusters (the islands of Calleja).
mical input is most dense near the LOT and in the anterior Tu (near the olfactory

1983b), the subthalamic nucleus (Groenewegen and Berendse,
1990) and the septum (Fallon, 1983b).

Hippocampal regions also target the olfactory tubercle. The
posteromedial molecular layer of the olfactory tubercle receives
fibers from the hilar region of the dentate gyrus (Kunzle, 2005).
The subiculum also projects into the medial olfactory tubercle
(Groenewegen et al., 1987). Given the olfactory tubercle’s place in
the reward system (Heimer, 2003; Ikemoto, 2007), this may pro-
vide an anatomical pathway for the involvement of the subiculum
in reward behavior (Martin-Fardon et al., 2007).

Auditory and visual sensory fibers converge in the olfactory
tubercle in manners which might contribute to multi-sensory con-
vergence and integration. Auditory sensory fibers may arrive in
the olfactory tubercle via general associative networks involving

the hippocampus (Deadwyler et al., 1987) or ventral pallidum
(Budinger et al., 2008) or directly from the auditory cortex
(Budinger et al., 2006). Visual sensory fibers arrive directly from
retinal ganglion cells (Mick et al., 1993). Thus, as discussed
in detail later, the olfactory tubercle is not a ‘simple’ olfac-
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Fig. 6. Olfactory sensory input into the olfactory tubercle. Schematic representa-
tion of olfactory sensory input into the olfactory tubercle. Mitral and tufted cells
depart the olfactory bulb carrying odor information along the lateral olfactory tract
(LOT). Mitral cell axons mostly terminate in the piriform cortex. Tufted cell axons
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ostly terminate into layer I of the olfactory tubercle (Scott et al., 1980), allowing
onosynaptic olfactory input. PCX association fibers project partly into the olfactory

ubercle, allowing di-synaptic olfactory input. These pathways represent possible
arallel input of olfactory sensory signals into the tubercle.

ory sensory structure but instead may integrate multi-modal
nformation.

The olfactory tubercle is innervated by numerous neuromod-

latory sites. Dense innervation by locus coeruleus afferents
Solano-Flores et al., 1980; Guevara-Aguilar et al., 1982) and sero-
onergic fibers from the dorsal and ventral aspects of the raphe
uclei (Guevara-Aguilar et al., 1982) both terminate in the olfactory

ig. 7. The olfactory tubercle is a highly interconnected brain region. Diagram of
rain regions which are anatomically connected with the olfactory tubercle. Direc-
ion of arrows indicates known directions of information flow. References for each
onnection can be found within the text. LOT—lateral olfactory tract.
iobehavioral Reviews 35 (2011) 655–668 661

tubercle. The olfactory tubercle also receives local acetylcholin-
ergic fibers from the horizontal limb of the diagonal band (Price
and Powell, 1970). Thus the olfactory tubercle is a likely contrib-
utor to state dependent olfactory processing, which may itself be
modulated by state (see Section 9).

The olfactory tubercle has extensive efferent projections (Fig. 7).
The olfactory tubercle sends centrifugal input to the both olfac-
tory bulbs (ipsi- and contralateral) and the anterior olfactory cortex
(ipsi- and contralateral), particularly the dorsomedial and pars
lateralis zones (Heimer, 1968; Shafa and Meisami, 1977; Brunjes
et al., 2005). The olfactory tubercle projects to the mediodor-
sal (Young et al., 1984) and submedial nuclei of the thalamus
(Fallon, 1983b; Price and Slotnick, 1983) as well as the lateral
hypothalamus (Price et al., 1991), Forel’s field H (Fallon, 1983b),
the supramammillary complex (Fallon, 1983b), the nuclei Gemini
(Scott and Chafin, 1975; Heimer et al., 1990) and the ventrome-
dial nucleus of the hypothalamus (Groenewegen et al., 1993). The
tubercle also densely innervates the nucleus accumbens, ventral
pallidum, and to a lesser-extent the caudate putamen (Heimer
and Wilson, 1975). Projections from the Islands of Calleja inner-
vate the ventral tegmental area and the mediodorsal nucleus of
the thalamus (Fallon, 1983b). An additional structure involved in
reward/reinforcement signaling (i.e., the presence of punishment
or the absence of reward) (Matsumoto and Hikosaka, 2009) to
which the olfactory tubercle projects is the lateral habenula (Fallon,
1983b). Finally, the olfactory tubercle projects into the orbitofrontal
cortex (Barbas, 1993; Illig, 2005).

In summary, the olfactory tubercle is interconnected with
numerous brain regions. Especially prominent are connections
with sensory (olfactory bulb, piriform cortex, and anterior olfac-
tory cortex) and arousal/reward centers (the nucleus accumbens,
ventral tegmental area and caudate putamen). This connectivity
pattern overlaps with, but is distinct from, that reported for the pir-
iform cortex. The olfactory tubercle’s afferent and efferent anatomy
situates it as a potentially critical interface between sensory pro-
cessing and behavioral response.

7. The role of the olfactory tubercle in odor information
processing

The role of the olfactory tubercle in olfactory coding has received
relatively little attention. This may be due to historical patterns of
research interest in the olfactory bulb and piriform cortex leading
future researchers to follow in suit. Regardless, as a major structure
in olfactory system, understanding the role of the olfactory tubercle
in olfaction will be important in an ultimate understanding of the
sense of smell.

Human functional imaging by Zelano et al. (2007) suggests that
the olfactory tubercle may be crucial in determining the source of
olfactory information (trigeminal irritants vs. pure olfactory odors).
This is in contrast to the piriform cortex, which their data suggest
represents the valence of odors but not the source (Zelano et al.,
2007). Work from the same group has also shown that the olfac-
tory tubercle responds to odor inhalations which were attended to
more-so than unattended inhalations (Zelano et al., 2005). Thus,
the olfactory tubercle may be involved in attentional modulation
of the early olfactory code.

In cellular-level studies the olfactory tubercle has been found
to display in vivo paired-pulse facilitation (McNamara et al., 2004),
indicative of at least short-term plasticity. Furthermore, based on

in vitro field potential responses to stimulation of the molecular
(afferent fibers) and multiform (intrinsic and association fibers) lay-
ers we know that the multiform, but not molecular layer synapses
are modulated by ACh (Owen and Halliwell, 2001), similar to that
observed in piriform cortex (Hasselmo and Bower, 1992).
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Perhaps the most detailed physiological work to date comes
rom Chiang and Strowbridge (2007). In this work, the authors
sed in vitro whole-cell patch-clamp experiments to character-

ze the intrinsic properties of olfactory tubercle neurons (dense
ell and multiform layers) and to relate the patterns of neu-
al activity with cellular morphology (Chiang and Strowbridge,
007). Three distinct firing modes were observed. “Regular spik-

ng” neurons display action potentials at a consistent frequency
hroughout a current pulse. “Intermittently discharging” cells dis-
lay high frequency bursts of action potentials, separated by
auses in firing (∼100–800 ms). Finally, “bursting neurons” in the
lfactory tubercle display brief bursts of high frequency action
otentials immediately upon the current step, which terminate
ithin approximately the first 500 ms. Chiang and Strowbridge

2007) suggest that the rapid spiking neurons (found mostly in the
ense cell layer) may be the common medium-size densely spiny
eurons of Millhouse and Heimer (1984) (Fig. 4). Due to spiking pat-
ern similarities with pyramidal cells in the neighboring piriform
ortex, the authors suggest that these cells may be glutamatergic
Chiang and Strowbridge, 2007). In contrast, the spine-poor neu-
ons of Millhouse and Heimer (1984) are likely intermittent and
egular spiking cells (and perhaps GABA-ergic). Of notable interest
o this review, the authors also used a current-injection protocol
o mimic respiratory rhythm-related responses in the cells to see if
lfactory tubercle neurons display a respiratory phase-dependent
ctivity which is commonly observed within other olfactory areas
Chaput, 1986; Sobel and Tank, 1993; Wilson, 1998; Spors et al.,
006; Carey et al., 2009). Indeed, both intermittent and regular
piking cells showed phasic responses with each ‘sniff-like’ current
ulse (Chiang and Strowbridge, 2007). Thus, while not exploring
he role of the olfactory tubercle in odor processing per se, these in
itro data suggest that olfactory tubercle units have the functional
apabilities of other olfactory center neurons. Further, while no
etailed dual immunolabeling studies are available, these results
uggest that the network functions of the olfactory tubercle are
ikely shaped by both excitatory (glutamate) and inhibitory (GABA)
ystems.

Including recent work from our group, we are aware of only
wo studies which have recorded in vivo odor-evoked tubercle unit

esponses (Murakami et al., 2005; Wesson and Wilson, 2010). Both
f these studies utilized multi- and single-unit extracellular record-
ngs in urethane anesthetized rodents. Though not the focus of their

ork, Murakami et al. (2005) showed that rat olfactory tubercle

ig. 8. Selective olfactory responses in the olfactory tubercle may allow for odor discri
istograms from 2 units (2 separate mice) throughout multiple presentations with 5 diff
ach panel shows spike activity as raster plots (dots) of single units in response to each of t
ach raster plot is a peri-stimulus time histogram with average firing rate (Hz) on the Y-ax
cetate, and 4-methyl-3-penten-2-one. Histograms—100 ms time bins.

dapted from Wesson and Wilson (2010).
iobehavioral Reviews 35 (2011) 655–668

neurons display odorant-evoked responses (increase rate of action
potentials). More recently our group further explored odor-evoked
activity in mouse olfactory tubercle units (Wesson and Wilson,
2010). As shown in Fig. 8, this work showed that individual olfac-
tory tubercle units robustly respond to odors. Further, individual
units appear capable of odor-selective responses. For example, the
first unit in Fig. 8 (top) only shows a significant response to one
odor. This is in contrast with the lower unit (Fig. 8) which displays
significant responses to three of the five odorants. These appar-
ently odor-selective responses suggest that the olfactory tubercle
may contribute to odor discrimination (Wesson and Wilson, 2010).

While not reflecting odor processing within the olfactory tuber-
cle, an early prediction for the role of the olfactory tubercle in
olfaction was that it modulates centrifugal control over the olfac-
tory bulb (Gervais, 1979). Gervais tested this hypothesis in a study
of mitral cell responses in awake rats with and without olfactory
tubercle lesions. Unilateral olfactory tubercle lesions affected the
spontaneous and odor-evoked activity of olfactory bulb mitral cells
(both ipsi- and contralateral). Further, during slow-wave sleep,
olfactory tubercle lesioned rats showed increased cortical desyn-
chronization (arousal) during odor presentation (Gervais, 1979).
Thus, Gervais hypothesized that the olfactory tubercle may be
important in modulating both descending state-dependent con-
trol over olfactory bulb activity, and olfactory-mediated neocortical
arousal (Gervais, 1979). This state-dependent modulation may be
mediated in part by noradrenergic input from the locus coeruleus
or serotonergic input from the raphe nucleus (as shown in Fig. 7),
both of which influence olfactory tubercle activity in rats (Inokuchi
et al., 1988; Hadley and Halliwell, 2010).

In summary, these data suggest that the olfactory tubercle, like
the piriform cortex (Haberly, 1998) and olfactory bulb (Wilson and
Mainen, 2006), displays numerous features linking it to a possi-
ble role in the processing of odors. Olfactory tubercle single-units
respond in an odor-specific manner (Wesson and Wilson, 2010) –
thus they likely contribute to odor discrimination. This response is
state/attention-dependent (Zelano et al., 2005). Finally, the olfac-
tory tubercle may be involved in state-dependent modulation of
olfactory bulb odor responses and odor-evoked neocortical arousal
(Gervais, 1979). These physiological manifestations appear in line

with what might be predicted based on the anatomical descrip-
tion outlined above; i.e., an interface between sensory inputs and
sensory evoked arousal and motivated responses. However, many
significant questions remain. For instance, how does sensory phys-

mination. Olfactory tubercle single-unit spike raster plots and peri-stimulus time
erent odorants (gray shaded regions) in urethane anesthetized mice. Top halves of
he 5 odorants across multiple trials (Y-axis, each row is a single trial). Summarizing
is. Odorants (from left to right): 1,7-octadiene, heptanal, ethyl propionate, isoamyl
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Fig. 9. Auditory sensory responses in the olfactory tubercle. (A) Traces showing
multi-unit activity in the olfactory tubercle, local field potential (LFP) and respi-
ration in a urethane anesthetized mouse. Inhalation—upward deflection. Time of
D.W. Wesson, D.A. Wilson / Neuroscience

ology and odor responsiveness align with the reported biophysical
ifferences between morphologically identified cell types? Do odor
esponse properties within the olfactory tubercle match those of
he piriform cortex or anterior olfactory cortex, or as might be
ssumed based on differences in afferent input and local circuitry,
o these subregions of the olfactory cortex respond to odor (qual-

ty, intensity, familiarity, hedonics, etc.) differently? Furthermore,
ore detailed and sensitive behavioral assays should be used to

xamine how odor perception and odor-guided behavior are mod-
fied by olfactory tubercle lesions. These assays may be particularly
nformative if specific cell types (e.g., granule cells of the Islands of
alleja or medium sized cells in the dense cell layer) can be silenced
r lesioned.

. The olfactory tubercle as a multi-sensory processing
enter

The role of ‘early’ cortical structures in the multimodal pro-
essing of information is becoming more prominent (Kayser and
ogothetis, 2007; Lakatos et al., 2007). Olfactory cortices are no
xception to this. Indeed, olfactory processing regions within 2-3
ynapses from the nose are integral in the multimodal processing
f sensory information. These regions include the piriform cor-
ex, endopiriform nucleus and orbitofrontal cortex (Gottfried and
olan, 2003; Fu et al., 2004; Rolls, 2004; Small, 2004; Verhagen
nd Engelen, 2006). For instance, visual input during olfactory sam-
ling alters olfactory perception which is associated with changes

n piriform cortex activity (Gottfried and Dolan, 2003).
Recent evidence from our group suggests that the olfactory

ubercle plays a functional role in the integration of olfactory
nformation with extramodal senses. As described earlier, auditory
ensory information may arrive at the olfactory tubercle via gen-
ral associative networks involving the hippocampus (Deadwyler
t al., 1987) or ventral pallidum (Budinger et al., 2008) or directly
rom the auditory cortex (Budinger et al., 2006). Thus, the olfactory
ubercle may play a role in olfactory–auditory sensory integra-
ion. In support of this, we recently found that olfactory tubercle
nits display olfactory–auditory convergence (Wesson and Wilson,
010). Approximately 19% of the tubercle units examined showed
ignificant responses to an auditory stimulus (a pure sine-wave
one) (see Fig. 9) (Wesson and Wilson, 2010). In contrast, no audi-
ory responses were observed in olfactory bulb units (Wesson and

ilson, 2010)—suggesting that the auditory input arrives within
he olfactory tubercle, not before. This work also found that individ-
al olfactory tubercle units can display sometimes supra-additive
r suppressive responses to the simultaneous presentation of an
dor and tone, depending upon the unit, compared to responses to
ither tone or odor alone (Fig. 10) (Wesson and Wilson, 2010). In
onclusion, these recent and exciting data suggest that similar to
he piriform cortex (Gottfried and Dolan, 2003) and orbitofrontal
ortex (Rolls, 2004; Small, 2004; Verhagen and Engelen, 2006),
he olfactory tubercle is involved in merging information across
he senses—perhaps in a behaviorally relevant manner. Indeed, the

agnitude of auditory input has been shown to influence food per-
eption in human studies (Zampini and Spence, 2010). Based upon
etinal projections into the olfactory tubercle (Mick et al., 1993),
urther experiments on olfactory–visual integration in the tuber-
le may yield new insights into the role of the olfactory tubercle in
ultisensory processing. Finally, whether multisensory integration

n the olfactory tubercle may impact odor processing in neighbor-

ng cortical areas is a topic which will likely have large impacts on

odels of odor coding.
These findings place the olfactory tubercle among other estab-

ished multisensory regions. For instance, the superior colliculus
nd auditory cortex both play multisensory roles in the process-
tone—shaded box. (B) Spike raster plot and peri-stimulus time histogram from a
single unit throughout multiple presentations of an auditory tone.

Adapted from Wesson and Wilson (2010).

ing of visual–spatial and auditory–visual information respectively
(Stein and Meredith, 1993; Calvert et al., 2004). While our under-
standing of the olfactory tubercle in multisensory processing is still
in its infancy, it will be exciting to see how integration in the olfac-
tory tubercle may contribute to complex behaviors such as odor
tracking.

9. The role of the olfactory tubercle in behavior

The behavioral contributions of the olfactory tubercle have
received considerable attention regarding its position in the
mesocorticolimbic system. Unilateral lesions of the olfactory tuber-
cle alter attention, social and sensory responsiveness and even
locomotor behavior (Hitt et al., 1973; Hagamen et al., 1977;
Gervais, 1979). Bilateral lesions of the olfactory tubercle reduce
copulatory behavior in male rats (Hitt et al., 1973). Combined 6-
hydroxydopamine lesions of the olfactory tubercle and nucleus
accumbens in rats result in hyperphagia and also an attenuation
in normal d-amphetamine—induced locomotor behavior (Koob et
al., 1978). These results support the hypothesis that, as part of the
ventral striatum, the olfactory tubercle may be necessary for behav-
ioral flexibility (Koob et al., 1978) and/or stimulus hedonics. More
recently, Ikemoto (2003) has shown that the olfactory tubercle is
especially involved in reward and addictive behaviors. In particu-
lar, rats self-administer cocaine into the olfactory tubercle more-so

than into the ventral pallidum or nucleus accumbens. In addi-
tion, intracerebral infusions of cocaine into the olfactory tubercle,
but not ventral pallidum or nucleus accumbens induces condi-
tioned place preference (Ikemoto, 2003). Finally, amphetamine
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Fig. 10. Olfactory-auditory sensory integration in the olfactory tubercle. Bar graphs of average stimulus evoked responses across 17 units in response to tone (left), odor
(middle, see methods for odor) and simultaneous tone and odor presentations (right column). Red bars indicate significant responses of that unit across all trials (p < .05,
two-tailed t-test, 2 s pre-stim vs. 2 s during stim). Blue bars are insignificant (p > .05). Purple background color behind bars—response of that unit is significantly different
from responses of that unit to tone alone (p < .05, two-tailed t-test). Blue background color behind bars—response of that unit is significantly different from responses of
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hat unit to odor alone (p < .05, two-tailed t-test). Whereas some tubercle units show
esponses.

dapted from Wesson and Wilson (2010).

nfusions into the medial olfactory tubercle enhance behavioral
nteraction/attention towards unconditioned sensory stimuli (Shin
t al., 2010). Thus, as discussed in detail elsewhere (Ikemoto, 2007),
he olfactory tubercle is an integral part of the reward/motivation
ehavior system, while also influencing sensory guided behavior.

Whether or not the olfactory and reward/motivation aspects
f tubercle function interact is unclear. However, in olfactory
ulbectomized animals, both dopamine D2 receptor gene expres-
ion and pre- pro-enkephalin mRNA level are upregulated in the
lfactory tubercle (Holmes, 1999), and the reward properties of
-amphetamine are modified (Holmes et al., 2002; Romeas et al.,
009), suggesting that olfactory input to the tubercle could mod-
late reward/motivation circuit function. It is currently unknown
hether the olfactory tubercle contributes to hedonic responses to

dor.
What does the olfactory tubercle functionally contribute to

lfaction? Current views of the olfactory system include distributed
unctionality across diverse components. The olfactory bulb is crit-
cal for initial odor-specific spatiotemporal patterns required for

dor discrimination (Sharp et al., 1975; Rubin and Katz, 2001;
achowiak and Cohen, 2001; Mori et al., 2006; Johnson and Leon,

007; Verhagen et al., 2007; Restrepo et al., 2009). The olfactory
ulb also contributes to gain control (Ennis et al., 2001; McGann et
l., 2005), state-dependent modulation of odor responses (Pager
pra-additive responses to both stimuli simultaneously, others showed suppressive

et al., 1972; Murakami et al., 2005; Tsuno et al., 2008), learned
odor responses (Karpov, 1980; Sullivan et al., 1987; Wilson and
Leon, 1988; Linster and Hasselmo, 1997; Doucette and Restrepo,
2008), odor-background segmentation (Verhagen et al., 2007), and
long-term habituation (Wilson and Linster, 2008). Downstream,
the piriform cortex contributes to pattern recognition of the odor-
specific olfactory bulb output (Haberly, 2001; Illig and Haberly,
2003; Kadohisa and Wilson, 2006; Barnes et al., 2008; Howard
et al., 2009), short-term habituation (Wilson, 1998), odor memory
(Hasselmo et al., 1990; Schoenbaum and Eichenbaum, 1995; Barkai
and Saar, 2001; Mouly et al., 2001; Cohen et al., 2008; Chapuis et
al., 2009) and perceptual learning (Wilson and Stevenson, 2006; Li
et al., 2008). What is left for the olfactory tubercle?

Perhaps the best sources of evidence for perceptual roles of the
olfactory tubercle stem from human functional imaging studies
(Zelano et al., 2005, 2007). The olfactory tubercle, along with the
piriform cortex, is highly activated during tasks engaging atten-
tion (Zelano et al., 2005). This finding is in parallel to the earlier
rodent work linking the olfactory tubercle to arousal-related sys-

tems (see Gervais, 1979; Ikemoto, 2007). Additional work from the
same group (Zelano et al., 2007) suggests that the olfactory tuber-
cle may be crucial in sorting out the source of olfactory information
(trigeminal stimulants vs. pure olfactory). These findings suggest
that the olfactory tubercle serves diverse roles in olfactory per-
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eption and odor-guided behavior. Particularly likely, the olfactory
ubercle may link odor perception with action through its connec-
ions with attentional, reward, and motivation systems of the basal
orebrain.

0. Outlook and conclusions

This review has outlined >100 years of research on the anatomy,
hysiology and possible functions of the olfactory tubercle in odor

nformation processing and behavior. Based upon the research pre-
ented above, we make the following four predictions regarding the
ontributions of the olfactory tubercle to olfactory perception and
ehavior:

Prediction 1: The tubercle expresses odor processing capa-
bilities distinct from other olfactory cortical areas. Odor
information in the olfactory tubercle may be modulated based
upon sensory input from the piriform cortex (Carriero et al.,
2009)—suggesting that the piriform cortex may help shape olfac-
tory tubercle odor responses. However, whereas olfactory bulb
input to the piriform cortex mostly stems from mitral cells, olfac-
tory bulb input to the olfactory tubercle originates predominately
from tufted cells (Scott et al., 1980). This differential input into
the olfactory tubercle sets the stage for distinct odor processing
schemes. Given that mitral and tufted cells differ in their odor
response thresholds (Wellis et al., 1989; Mori and Shepherd, 1994),
width of odor receptive fields (Mori and Shepherd, 1994), and
local connectivity to interneuron networks (Shepherd et al., 2004;
Wachowiak and Shipley, 2006), we predict that olfactory tuber-
cle odor responses will differ from those of the piriform cortex,
perhaps as two components of a parallel processing stream. For
example, we predict that the olfactory tubercle will be responsive
to odors at much lower thresholds than piriform cortex. Further,
the lack of a local association fiber system within the tubercle
in contrast to the extensive and highly plastic association fiber
system within the piriform cortex suggests fundamentally differ-
ent computational properties of these two structures. Namely, we
predict that the olfactory tubercle’s capacity for plasticity (i.e.,
adaptation to prolonged odor exposure, experience-dependent
changes in acuity, etc.) will be markedly less than the piriform
cortex. Following similar logic, we predict odor representations in
the olfactory tubercle will also significantly differ from those in the
anterior olfactory cortex. These differences may allow for distinct
contributions of the olfactory tubercle to olfactory behaviors. Fur-
ther studies exploring the principles of odor coding in the olfactory
tubercle in comparison to neighboring olfactory cortex regions
will be critical in understanding basic aspects of odor information
processing in the brain.
Prediction 2: The olfactory tubercle is crucial in odor hedo-
nics and odor-motivated behavior. As a component of the ventral
striatum, the olfactory tubercle is intimately interconnected with
numerous reward, affective, and motivation-related brain cen-
ters (see section 6)(Heimer, 2003; Ikemoto, 2007). The olfactory
tubercle sits at the interface between olfactory sensory input
and state-dependent and hedonic behavioral modulatory cir-
cuits. Thus, the olfactory tubercle may play an important role
in mediating odor approach/avoidance behaviors, potentially in
a state-dependent manner (Gervais, 1979), and further may help
regulate activity within other olfactory areas (e.g., olfactory bulb)
through feedback connections. If this is so, then we predict state,

motivational and affective regulation of odor-evoked activity
within the olfactory tubercle. Further, we predict that disruption
of normal odor guided behaviors (e.g., novel odor investigation,
odor avoidance) will occur following olfactory tubercle disruption.
Finally, related to this, we predict that damage to the olfactory
iobehavioral Reviews 35 (2011) 655–668 665

tubercle induced by disease, addiction or aging will result in an
impairment of normal state/motivational modulation of other
olfactory areas. Likewise, we predict that disturbances in olfac-
tory input could disrupt normal motivated behavior. This may be
evident in psychiatric disorders including schizophrenia (Rupp,
2010), dementia (Mesholam et al., 1998; Murphy et al., 2009) and
depression (Negoias et al., 2010) wherein olfactory and affective
dysfunction is common.
Prediction 3: The olfactory tubercle is necessary for social odor
processing. Rodent social odors (e.g., urinary odors) are largely
represented in the ventral olfactory bulb (Restrepo et al., 2004;
Martel and Baum, 2007). Interestingly, tufted cells in the ventral
olfactory bulb mainly project into the olfactory tubercle (Scott et
al., 1980) (see Fig. 6). This, along with previous work showing that
the olfactory tubercle is important in sexual responsiveness (Hitt
et al., 1973; Talbot et al., 1988a), leads us to predict that the olfac-
tory tubercle may be critical site for social odor processing. This
predicted function is further supported by presence of both estro-
gen and androgen receptors in the olfactory tubercle (Pfaff, 1968;
Rainbow et al., 1982) – allowing for modulation of sensory signals
in accordance with fluctuating sex hormone levels. The indirect
input from the accessory olfactory bulb to the olfactory tuber-
cle in rodents further backs this hypothesis. To our knowledge
there have been no examinations of natural biological odor stim-
ulation on olfactory tubercle activity or how such activity may be
modulated by sex hormone levels.
Prediction 4: The olfactory tubercle is a critical site for
multisensory integration. As discussed earlier, simultaneous pre-
sentation of an odor and tone enhances odor-evoked responses
in the olfactory tubercle (Wesson and Wilson, 2010). Anatom-
ical data suggests that the olfactory tubercle may also receive
visual information (Mick et al., 1993). Based upon this, we pre-
dict that auditory and/or visual input may enhance odor detection
thresholds and perhaps odor discrimination abilities via con-
vergence within olfactory tubercle. This integration may add to
the possible role of the olfactory tubercle in odor detection as
postulated in Prediction 1. Further, if demonstrated to be behav-
iorally relevant, this sensory integration in the olfactory tubercle
may be especially advantageous in rapid decision making given
the olfactory tubercle’s close association with numerous higher-
order brain regions (as shown in Fig. 7) and in consequence will
place the olfactory tubercle among other established multisensory
regions.

In conclusion, the olfactory tubercle not only receives strong
and direct olfactory input as part of the olfactory cortex, but also is
an integral component of the ventral striatal reward/arousal com-
plex (Heimer, 2003; Ikemoto, 2007). Thus, the olfactory tubercle
not only likely is involved in basic aspects of odor processing (e.g.,
discrimination) but also may be an integral site for the pairing of
odors with states and stimuli signaling valence. Thus, the olfactory
tubercle likely modulates odor preference and aversion, and helps
link odors to action. This likely function may designate the olfactory
tubercle as a critical site in the processing of social and food-related
odors wherein the pairing of odor information with reward-related
neural input may result in emotionally distinct stimuli and drive
odor-guided behaviors. Therefore, future studies of the role of the
olfactory tubercle in both basic odor processing and higher-order
events may provide significant insights into olfactory perception
and odor-guided behaviors.
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