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Abstract

Axons from the olfactory bulb (OB) project to multiple central structures of the brain, many of which, in
turn, send axons back into the OB and/or to one another. These secondary sensory regions underlie many
aspects of odor representation, valence, and learning, as well as serving some nonolfactory functions,
though many details remain unclear. We here describe the connectivity and essential structural and
functional properties of these postbulbar olfactory regions in the mammalian brain.

INTRODUCTION

The involvement of central olfactory structures in clini-
cal disorders is poorly understood, and many disorders
of olfaction appear to reflect damage to the peripheral
elements of the olfactory pathways, most notably the
olfactory epithelium. However, as with other sensory
systems, a basic understanding of the complex anatomy
of the central processes involved in olfactory function is
necessary to understand the full range of olfactory disor-
ders in the general population. This is particularly true
for neurodegenerative diseases such as Alzheimer’s
and Parkinson’s, in which subtle changes in olfactory
function can occur years before the onset of the classic
clinical pathologies. The goal of this chapter is to provide
a broad-based overview of central olfactory structures
and their function so as to provide the reader with a basic
understanding of the elements of central olfactory func-
tion. Clinical disorders, per se, are not addressed; the
reader is referred to other chapters in this volume for
information regarding such disorders.

The commonality among vertebrate species in terms
of central olfactory anatomy is remarkable, as will be
noted and stressed throughout the chapter, although
obviously exceptions exist. Secondary olfactory struc-
tures include all areas of the brain to which mitral and/or
tufted cell axons from the olfactory bulb (OB) directly

project. This term is synonymous with the term primary
olfactory cortices often used in the literature (de Olmos
et al., 1978; see also Price, 1973, 1987; Halasz, 1990;
Shipley, 1995; Haberly, 2001); however, recognition of
the OB as a cortical structure has rendered this latter term
ambiguous. The centripetal projection patterns of bulbar
mitral and tufted neurons have been described in several
mammalian species, among them rat (Price, 1973),
mouse (Shipley and Adamek, 1984), opossum (Scalia
and Winans, 1975; Meyer, 1981; Shammah-Lagnado
and Negrao, 1981), monkey (Turner et al., 1978;
Turner and Mishkin, 1978), hamster (Davis et al.,
1978), rabbit (Broadwell, 1975a), tree shrew (Skeen
and Hall, 1977), and hedgehog (Radtke-Schuller and
Kunzle, 2000), as well as in several nonmammalian
vertebrates including bullfrog (Northcutt and Royce,
1975; Kemali and Guglielmotti, 1987; Scalia et al.,
1991), and snake (Halpern, 1976).

The major secondary olfactory structures described in
mammals and discussed herein include (listed roughly
rostrocaudally): the anterior olfactory nucleus (AON), a
group of rostromedial cortices including the ventral tenia
tecta, anterior hippocampal continuation, and indusium
griseum, the olfactory tubercle, the anterior and posterior
piriform cortices and endopiriform nucleus, the periamyg-
daloid cortex and anterior cortical nucleus of the amyg-
dala, and the lateral entorhinal cortex (Fig. 6.1). Despite
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Fig. 6.1. Overview of olfactory structures. Each of the panels shows a sagittal section through a rat brain at different lateral coor-
dinates. (A) Sagittal section at 0.4 mm lateral from bregma, showing rostromedial olfactory cortices and the olfactory tubercle. ac,
anterior commissure; AHC, anterior hippocampal continuation (also known as dorsal tenia tecta); AOM, AOP, medial and posterior
anterior olfactory nucleus; CAl, CA3, DG, hippocampus; Cg/ and Cg2, cingulate cortex; DA and AH, dorsal and anterior hypo-
thalamic areas; DP, dorsal peduncular cortex; /G, indusium griseum; /L, infralimbic cortex; MO, medial orbitofrontal cortex; MTN,
medial thalamic nuclei; OB, olfactory bulb; Tu, olfactory tubercle; VMH, ventromedial hypothalamic nucleus; VTT, ventral tenia
tecta. (B) Sagittal section at 2.4 mm lateral from bregma. aca, anterior part of the anterior commissure; AOL, lateral anterior
olfactory nucleus; DEn, dorsal endopiriform nucleus; HDB, nucleus of the horizontal limb of the diagonal band; /o, lateral olfactory
tract; LOT, nucleus of the lateral olfactory tract; Pir, piriform cortex; STh, subthalamic nuclei; VO, ventral orbitofrontal cortex; V7T,
ventral thalamic nuclei. (C) Sagittal section at 3.9 mm lateral from bregma. ACo, anterior cortical amygdaloid nucleus; CA/, CA2,
CA3, DG, hippocampus; CxA, periamygdaloid cortex (also known as the cortex-amygdala transition zone); DEn and VEn, dorsal
and ventral endopiriform nucleus; LEnt, lateral entorhinal cortex; /o, lateral olfactory tract; LO, lateral orbitofrontal cortex; Pir,
piriform cortex; PMCo, posteromedial cortical amygdaloid nucleus. Adapted from Paxinos, G., Watson, C., 1986. The rat brain in
stereotaxic coordinates. San Diego: Academic Press, with permission.
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a basic conservation of bulbar projection patterns among
vertebrates, and particularly among mammals, there are,
nonetheless, important species differences that may
provide insight into the multiple mechanisms by which
different species may employ olfactory information to
solve similar adaptive problems and, ultimately, contribute
to an understanding of the respective roles played by the
diverse central structures receiving olfactory information.
In general, the canonical features of the secondary olfactory
projections described in this review are derived primarily
from studies in rat and secondarily from studies in mouse
and primates; however, data from other species also are
described to emphasize specific points and highlight the
commonalities and diversity of the vertebrate radiation.

All secondary olfactory structures are paired, except
for interhemispheric commissures; there is no evidence
of asymmetry in the anatomy or function of any of these
areas. The axons of mitral cells and several classes of
tufted cells emerge from the OB, forming the olfactory
peduncle (Brunjes et al., 2011; Brunjes, 2012); this path
is also the route of the rostral migratory stream, along
which new presumptive OB interneurons migrate
throughout life into the OB from progenitor cells in the
subventricular zone (Meisami and Hamedi, 1986;
Jankovski et al., 1998; Lepousez et al., 2013). Within
the olfactory peduncle and immediately caudal to the
OB lies the AON, actually a cortical structure incorpo-
rating several morphologically diverse subdivisions
with characteristic projection patterns (Brunjes et al.,
2005; Brunjes and Kenerson, 2010). Among other
functions, the AON (via the anterior commissure)
mediates interhemispheric communication between the
OBs in mammals. The AON is predominantly two-
layered (with superficial plexiform and deep cellular
layers), but gradually assumes a trilaminar form near
its caudal extreme, adjacent to the anterior commissure
(Valverde et al., 1989; Halasz, 1990). At this caudal
extreme, the AON adjoins the ventral tenia tecta (rostro-
medially) and the anterior piriform cortex (laterally);
OB projection fibers in the most superficial layer of
AON (layer Ia) here divide into distinct rostromedial
and lateral pathways projecting to other secondary
olfactory structures (Shipley and Adamek, 1984; Scott
et al., 1985). The lateral branch develops into the lateral
olfactory tract (LOT).

Dorsomedial to the AON and medial to the LOT, the
rostromedial pathway projects in series to three second-
ary olfactory structures collectively termed the rostrome-
dial olfactory cortices: the ventral tenia tecta, which
medially adjoins the caudal AON, the anterior hippo-
campal continuation (also known as the dorsal tenia
tecta), and the indusium griseum (also known as the
dorsal hippocampal continuation or the supracallosal
gyrus) (Haberly and Price, 1978a; Luskin and Price,

1983b; Wyss and Sripanidkulchai, 1983; Shipley and
Adamek, 1984; Carmichael et al., 1994; Kier et al.,
1995). The dorsomedial peduncular cortex also is some-
times included in this group (Haberly and Price, 1977,
Halasz, 1990; Haberly, 1998). The anterior hippocampal
continuation and indusium griseum are structurally
comparable to, and often considered part of, the hippo-
campal formation (Wyss and Sripanidkulchai, 1983;
Adamek et al., 1984); they probably derive from the
medial (limbic) pallium, as does the ventral tenia tecta
(Kier et al., 1995).

Laterally, bulbar mitral and tufted cell axons exit the
peduncular region following the LOT. The LOT is
heavily myelinated, though it also contains numerous
unmyelinated fibers, which, at least in cat, may outnum-
ber the myelinated axons (Price and Sprich, 1975; Willey
et al., 1983). Collaterals from these axons enter the
anterior and posterior piriform cortices (Haberly,
1985, 1998, 2001) and the lateral entorhinal cortex,
all derivatives of the lateral pallium, as well as the tran-
sitional periamygdaloid cortex and the anterior cortical
nucleus of the corticomedial division of the amygdaloid
complex. The piriform cortex is a three-layered allocor-
tex (Haberly and Price, 1978a), incorporating a superfi-
cial plexiform layer and two cell body layers, that has
been extensively studied in the context of olfactory func-
tion (Haberly, 1985, 1998; reviewed in Bekkers and
Suzuki, 2013). It is sometimes referred to in the literature
as pyriform cortex or, loosely, olfactory cortex. Deep to
the piriform cortex lies the endopiriform nucleus, which
some scholars regard as layer IV of piriform cortex, either
alone or in conjunction with the deep portion of layer I1I
(Valverde, 1965; Tseng and Haberly, 1989). Within the
amygdaloid complex, bulbar collaterals from the LOT
innervate the anterior cortical nucleus and periamygda-
loid cortex; the latter adjoins and is sometimes also
considered part of the piriform cortex (Paxinos and
Watson, 1986). While these amygdaloid structures
exhibit trilaminar structures similar to that of piriform
cortex, their layers II and IIT are somewhat underdevel-
oped in comparison (Krettek and Price, 1978). The lat-
eral entorhinal cortex is the most caudal target of OB
axons (Heimer, 1968; Price, 1973; Scalia and Winans,
1975; Davis et al., 1978). Entorhinal cortex, which
includes medial, lateral, and intermediate divisions, has
six layers as opposed to the three (or four) layers
observed in piriform cortex, though these six layers do
not correspond to the six layers of mammalian isocortex.
The piriform, entorhinal, and periamygdaloid cortices
can be collectively termed the lateral olfactory cortices.

In mice, axons from OB projection neurons (probably
mitral cells) also traverse piriform cortex layer la, extend-
ing beyond its dorsal limit to innervate the posterior insu-
lar cortex, within which they converge with gustatory
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and visceral information received from the parabrachial
nucleus of the pons and the gustatory thalamus (Shipley
and Adamek, 1984; Shipley and Geinisman, 1984). This
projection may also exist in rat and opossum (Scalia and
Winans, 1975; de Olmos et al., 1978), but is absent in
hamsters (Davis et al., 1978) and has not been observed
in primates. Because of this uncertainty, insular cortex
is not here considered a canonical secondary olfactory
structure. However, the insular cortex consistently
receives strong tertiary olfactory innervation via the piri-
form cortex in diverse mammalian species (Gerfen and
Clavier, 1979; Motokizawa and Ino, 1983; Carmichael
et al., 1994), as well as, indirectly, via the thalamus.

Just caudal to the olfactory peduncle, and medial to
the LOT and cortices, lies the distinctive olfactory tuber-
cle. The olfactory tubercle is innervated by collaterals
from the LOT, though in garter snake the branch inner-
vating the tubercle is more distinct and is labeled sepa-
rately as the intermediate olfactory tract (Lanuza and
Halpern, 1998). The olfactory tubercle, like the amygda-
loid complex and the (other) basal ganglia, is derived
from the striatal subpallium (Heimer and Wilson,
1975; Butler and Hodos, 1996), though in architecture
it varies between cortical (predominant in the lateral
tubercle, adjacent to the LOT) and striatal (predominant
in the medial tubercle) organization (Heimer and Wilson,
1975; Millhouse and Heimer, 1984). Indeed, its striatal
portion is an integral part of the ventral striatum, closely
integrated with the nucleus accumbens and, as such,
receiving dense dopaminergic projections from the ven-
tral tegmental area. Consequently, the tubercle must be
considered both as a secondary olfactory cortex and as
a component of the basal ganglia (reviewed in Wesson
and Wilson, 2011). The olfactory tubercle caudally
adjoins the rostromedial olfactory cortices and receives
associational fibers from the ventral tenia tecta (Luskin
and Price, 1983b), thereby bridging the rostromedial
and lateral branches of the OB projection. Indeed, the
tubercle sometimes has been grouped together with the
rostromedial cortices, differentiating them collectively
from the AON and from the lateral olfactory cortices
(Shipley, 1995; Haberly, 2001). However, it is probably
better to consider the olfactory tubercle (with its subpal-
lial and diencephalic projections and close integration
with the nucleus accumbens) as a distinct OB target
structure, separate from both the rostromedial cortices
(with their probable medial pallial derivation and inter-
connectivity with the hippocampal formation) and the
lateral cortices (with their lateral pallial derivation).
The transitional structure of the olfactory tubercle may,
in time, be clarified by improved knowledge regarding
its anatomical and functional heterogeneity, including
its segregation of afferent inputs from mitral and tufted
cells (Igarashi et al., 2012; Payton et al., 2012).

CENTRIPETAL PROJECTIONS FROM
OLFACTORY BULB

The diverse cortices receiving direct input from the OB
exhibit some fundamental similarities in their architec-
tures. Each, for example, consists of a superficial plexi-
form layer (layer I) and one or more deeply located cell
layers. Afferent inputs from the OB and associational
inputs from other regions project to layer I, where they
synapse with pyramidal cell dendrites as well as with
local interneurons. In the lateral cortices, bulbar afferents
are sharply restricted to the most superficial portion of
the layer, layer Ia, while associational projections from
other regions arborize within the deeper portion of this
plexiform layer, termed layer Ib (Price, 1973). In the
anterior hippocampal continuation and indusium gri-
seum of the rostromedial pathway, in contrast, bulbar
afferents and associational projections mix within layer
I (Wyss and Sripanidkulchai, 1983). The AON is orga-
nized similarly to the lateral cortices, although in the
rhesus monkey, a microsmatic primate, afferents from
the OB to the AON terminate throughout that structure
rather than being restricted to layer I (Turner et al.,
1978). Deeper layers in secondary olfactory cortices
are all cell body layers—one in the AON, two in the
piriform cortex (or three if the endopiriform nucleus is
included), four in the indusium griseum and anterior hip-
pocampal continuation—except for the six-layered ento-
rhinal cortex, which, in the nomenclature of Amaral and
Witter (1995), includes four cellular layers and one addi-
tional plexiform layer (the lamina dissecans).

Bulbar projections to the rostromedial cortices
emerge from the superficial plexiform layer of the
AON, which is continuous with that of the ventral tenia
tecta, and extend dorsally along the midline within
the superficial plexiform layers of the ventral tenia
tecta, anterior hippocampal continuation and indusium
griseum (Adamek et al., 1984; Shipley and Adamek,
1984). In contrast, bulbar afferents to the lateral corti-
ces, olfactory tubercle, and amygdaloid complex in
mammals project caudally via the LOT and the superfi-
cial plexiform layers of these cortices (Fig. 6.2A). In the
LOT, both the number and the diameter of bulbar axons
decrease as the projections extend further caudally
(Price and Sprich, 1975); furthermore, the density of
innervation of secondary olfactory structures by LOT
axon collaterals parallels the developmental sequence of
innervation, being greatest near the LOT and sparsest in
the medial olfactory tubercle (Schwob and Price, 1984).
Whereas both mitral and tufted cells project to the AON
and to the anterior piriform cortex and olfactory tubercle
(Haberly and Price, 1977; Schoenfeld and Macrides,
1984), the bulbar projection to more caudal lateral
olfactory cortices becomes progressively dominated by
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Fig. 6.2. Schematic depiction of canonical secondary olfac-
tory projections. Pathways depicted represent the most com-
monly reported connections and are neither exhaustive nor
universal. (A) Projections from the OB to secondary olfactory
structures. All secondary structures depicted, with the excep-
tion of the IG, also project back to the OB. (B) Projections from
entorhinal cortex to olfactory-related structures. In addition to
direct projections, the indirect projections to OB and AON
via the hippocampus also are depicted (dotted lines). Other
hippocampal outputs are not depicted. ACo, PMCo, anterior
and posteromedial cortical amygdaloid nuclei; AHC, anterior
hippocampal continuation; AON, anterior olfactory nucleus;
APC, PPC, anterior and posterior piriform cortices; EC, ento-
rhinal cortex; HC, hippocampus; /C, insular cortex; /G, indu-
sium griseum; OB, olfactory bulb; OC, orbitofrontal cortex;
OT, olfactory tubercle; VTT, ventral tenia tecta.

mitral cells (Haberly and Price, 1977), and recent work
has suggested a substantial segregation of mitral versus
tufted cell axonal targeting within and among secondary
olfactory structures (Igarashi et al., 2012).

Other than the short-latency interbulbar projection
via the pars externa of the AON (Haberly and Price,
1978b), no clear topographic organization of bulbar projec-
tions to secondary olfactory structures is in evidence.
Rather, (1) the limited topographic regularity immediately
caudal to the OB is lost before the LOT emerges from the
olfactory peduncle (Price and Sprich, 1975); (2) small
regions of the OB project to large secondary areas,
while small areas within olfactory cortex receive projec-
tions from widely distributed areas in the OB (Haberly
and Price, 1977; Stettler and Axel, 2009); and (3) individual
mitral and tufted cells can innervate multiple secondary

regions (Scott, 1981; Luskin and Price, 1982; Igarashi
et al., 2012; but see Scott et al., 1980). For example, in
rabbit, individual mitral cells project axon collaterals
into multiple secondary olfactory structures—typically
arborizing in both the AON and the anterior piriform cortex,
with one quarter of the neurons studied additionally project-
ing into the olfactory tubercle. However, within each of
the innervated structures, each neuron’s multiple dense
terminal arborizations are highly localized, exhibiting a pat-
chy distribution (Ojima et al., 1984). Consequently, while
bulbar projections are clearly diverse, they also are likely
to be highly organized. Furthermore, the collateral architec-
ture ensures that multiple, widely spaced secondary olfac-
tory structures could receive similar input patterns from
the same set of activated mitral cells (Ojima et al., 1984).

The LOT in mammals is thought to contain all of the
bulbar axons projecting caudally to the lateral olfactory
cortices and olfactory tubercle. However, medial and lat-
eral subdivisions are apparent within the rabbit LOT,
reflecting the distinct “intermediate” and lateral tracts
observed in garter snake (Lanuza and Halpern, 1998).
Specifically, in rabbit, one type of mitral cell axon collat-
eral courses through the LOT and terminates within the
lateral olfactory cortices and the lateral, more cortically
organized, portion of olfactory tubercle. A second type
of axon collateral branches from the main axon within
the OB, travels through the ventromedial olfactory
peduncle, remaining medial to the LOT, and innervates
the medial, more striatally organized portion of the olfac-
tory tubercle (Ojima et al., 1984). In nonmammalian tet-
rapods, while evolutionary divergence renders it
challenging to compare olfactory systems in specific
detail, there are many conserved characters that can shed
light on the probable plesiomorphic organization of these
projections. In the garter snake, Thamnophis sirtalis, bul-
bar projections are clearly segregated into three tracts: a
LOT that projects to lateral (piriform) cortex and rostral
amygdala, an intermediate olfactory tract that projects to
the olfactory tubercle, and a medial tract that projects
ipsilaterally to the dorsomedial retrobulbar formation
(Lanuza and Halpern, 1998). These three projections
are comparable to the lateral and medial portions of
the rabbit LOT and the projection to the mammalian ros-
tromedial cortices, respectively. In bullfrogs (Rana spp.),
two distinct tracts are observed, one lateral tract corre-
sponding to the LOT (in that it projects to lateral pallium,
dorsal striatum including the cortical amygdaloid
nucleus, and a ventral portion of dorsal pallium) and
one medial tract projecting to the medial pallium (corre-
sponding to the mammalian rostromedial cortices) as
well as to multiple septal nuclei (Northcutt and Royce,
1975; Scalia et al., 1991).

Many more species-specific deviations from the
canonical bulbar projection have been described. Lateral
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fiber projections extend across piriform cortex layer Ia
to innervate insular (gustatory) cortex in mice, but not
hamsters, as described earlier (Shipley and Adamek,
1984; Shipley and Geinisman, 1984). In the lesser hedge-
hog tenrec (Echinops telfairi), reciprocal connections
have been observed between the OB and frontal isocor-
tex (specifically, the sulcal and orbitofrontal cortices).
These cortices, therefore, constitute secondary olfactory
structures in this species (Radtke-Schuller and Kunzle,
2000), unlike most species studied to date in which
orbitofrontal cortex is a tertiary recipient of olfactory
information (Barbas, 1993, 2007; Carmichael et al.,
1994). In both macaque monkeys (Macaca spp.) and
in hedgehog (Erinaceus europaeus), a direct projection
from the OB to the nucleus of the horizontal limb of
the diagonal band of Broca that is not evident in most
species studied has been described (de Carlos et al.,
1989; Carmichael et al., 1994). A direct projection from
the OB to the supraoptic nucleus of the hypothalamus has
been reported in rats (Smithson et al., 1989). Finally,
in the lemur (Microcebus murinus), in addition to the
canonical projections, bulbar fibers also directly and
bilaterally innervate the hippocampus proper (usually
considered a tertiary projection area) as well as the
septum, dorsal striatum (caudate nucleus and putamen),
and, via the medial forebrain bundle, several hypotha-
lamic nuclei and two mesencephalic neuromodulatory
centers (the locus coeruleus and the raphe nuclei;
Mestre et al., 1992).

CENTRIFUGAL AND ASSOCIATIONAL
PROJECTIONS FROM SECONDARY
OLFACTORY STRUCTURES

Centrifugal projections

Excepting the indusium griseum—the most distal projec-
tion target along the rostromedial branch of OB output—
all of the secondary olfactory structures described herein
are known to send direct feedback projections to the OB
(Davis et al., 1978; de Olmos et al., 1978; Haberly and
Price, 1978a, b; Davis and Macrides, 1981; Luskin and
Price, 1983b; Wyss and Sripanidkulchai, 1983; Shipley
and Adamek, 1984; Carmichael et al., 1994). Among
the secondary structures innervated by the LOT, cortico-
bulbar feedback projections are much heavier from ros-
tral areas (AON and anterior piriform cortex) than from
posterior piriform cortex and other caudal areas (Carson,
1984; Shipley and Adamek, 1984) and arise mainly from
layer II and III pyramidal cells. Most of these feedback
projections appear to terminate on granule cells in the
OB, though some extend into the glomerular layer
(Matsutani, 2010; Rothermel and Wachowiak, 2014).
Within their layers of termination, these projections are
widely distributed and responsive to odor presentations

(Boyd et al., 2015). As with centripetal projections from
OB, most feedback projections are ipsilateral, with
the notable exception of those originating in the AON,
which project bilaterally. In addition to direct feedback
projections from secondary olfactory structures, the
OB is also indirectly connected to the hippocampus,
via entorhinal cortex, and receives projections from
area CA1l (van Groen and Wyss, 1990; Cenquizca and
Swanson, 2007; Fig. 6.2B).

Associational connections among secondary
olfactory structures

Extensive connections, termed associational fibers, pro-
ject between secondary olfactory cortices; their axons
arborize in layer I as do the bulbar afferents, although,
in the lateral cortices, they are sharply segregated from
the afferents, projecting into the deeper portion of that
layer (layer Ib) and also into the two superficial cell body
layers (layers II and I1I; Luskin and Price, 1983a). These
associational connections have been grouped into two
classes: local (or intrinsic; short connections between
neurons in different layers of a given cortical structure)
and associative (connections between different cortices;
Shipley, 1995). In piriform cortex, local connections
are mediated by a variety of excitatory and inhibitory
interneurons as well as pyramidal cell collaterals (Poo
and Isaacson, 2009; Isaacson, 2010; Large et al.,
2016). Associative connections among olfactory cortical
structures are extensive and exhibit a degree of laminar
and regional organization. Most associative projections
among secondary olfactory structures can be classified
into one of two fiber systems according to their laminar
pattern of termination (Luskin and Price, 1983a, b). The
first of these fiber systems, termed the layer Ib fiber
system, includes projections from the AON and the
piriform and entorhinal cortices, which terminate in
layer Ib; the projections from each of these different
structures are typically concentrated at different charac-
teristic levels within layer Ib. The second fiber system,
termed the layer II-deep Ib fiber system, originates from
the dorsal peduncular cortex, ventral tenia tecta, and
periamygdaloid cortex, and terminates in layer II. Projec-
tions from the anterior cortical nucleus of the amygdaloid
complex arborize throughout layer I. A second system of
classification is apparent based on the origins of these
projections: projections from layer II pyramidal cells
tend to project to more caudal sites, whereas pyramidal
cells in layer III target more rostral sites. Layer II cells
of anterior piriform cortex also send commissural pro-
jections contralaterally, though these are limited in
number and distribution compared to ipsilateral pro-
jections (Haberly and Price, 1978a, b; Luskin and
Price, 1983a, b).
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Projections to tertiary olfactory structures

Olfactory information is also distributed from secondary
olfactory structures to several other regions of the
brain, including but not limited to, orbitofrontal cortex,
insular cortex, the mediodorsal, submedial, and anterior
nuclei of the thalamus, the hypothalamus, the amygdaloid
complex, and the hippocampus (Krettek and Price, 1977a;
Reep and Winans, 1982; Luskin and Price, 1983b; Price
and Slotnick, 1983; Cavada and Reinoso-Suarez, 1985;
Price, 1985; Takagi, 1986; Smithson et al., 1989; Price
et al., 1991; Barbas, 1993; Carmichael et al., 1994,
Datiche and Cattarelli, 1996; Cavada et al., 2000; Illig,
2005). Generally, corticocortical projections from second-
ary olfactory structures originate in more superficially
located cell layers (typically layer IT), while corticodience-
phalic projections originate from deeper layers (e.g., the
endopiriform nucleus, the striatal zone of the olfactory
tubercle, deep cells within periamygdaloid and entorhinal
cortices (Price and Slotnick, 1983; Price, 1985). Different
secondary olfactory structures projecting to common ter-
tiary structures typically project to discrete subregions;
e.g., olfactory projections to the thalamus include both
highly convergent projections from the lateral olfactory
cortices to the mediodorsal and submedial thalamic nuclei
(Price and Slotnick, 1983; Price, 1987) as well as projec-
tions from the indusium griseum and anterior hippocam-
pal continuation to the anterior thalamic nuclei (Wyss
and Sripanidkulchai, 1983). Tertiary olfactohypothalamic
projections arise from the AON, the piriform cortex, the
olfactory tubercle, and the amygdaloid nuclei (Price
et al., 1991). Notably, in rat, the piriform cortex provides
input by way of the mediodorsal thalamic nucleus to
the same prefrontal areas to which it projects directly
(Ray et al., 1992). In contrast, no corticothalamic projec-
tions from the piriform cortex have been observed in cat or
rabbit (Motokizawa and Ino, 1983), though the olfactory
tubercle, amygdala, and insular cortex do project to the
mediodorsal thalamic nucleus in those species.

CONNECTIVITY OF SECONDARY
OLFACTORY STRUCTURES

Anterior olfactory nucleus

The AON, a portion of which has also been termed
anterior olfactory cortex (Brunjes et al., 2005), is a
laminated structure embedded within the olfactory
peduncle. The AON has been divided into several subre-
gions with distinct architectures and connectivities
(Broadwell, 1975a; de Olmos et al., 1978; Haberly and
Price, 1978b; Davis and Macrides, 1981; Shipley and
Adamek, 1984; Shipley, 1995; Brunjes et al., 2005;
Brunjes and Kenerson, 2010). It is predominantly two-
layered, consisting of a superficial plexiform layer

containing incoming projection fibers and the apical den-
drites of its intrinsic neurons and a tightly packed cell
body layer (Haberly and Price, 1978b), but gradually
assumes a trilaminar form near its caudal extreme adja-
cent to the anterior commissure (Valverde et al., 1989;
Halasz, 1990). The AON receives projections from OB
mitral and tufted cells in its superficial plexiform layer,
layer Ia (Scott et al., 1985); bulbar afferents also course
along this superficial layer into the superficial plexiform
layers of the adjoining ventral tenia tecta (medially) and
anterior piriform cortex (laterally; Shipley and Adamek,
1984), the latter forming the LOT.

The AON is the major source of centrifugal and feed-
back connections to the OB from any source (Carson,
1984). All subdivisions of the AON project to both the
ipsilateral and the contralateral OB, except for pars
externa, which projects only to the contralateral OB via
the anterior commissure (Broadwell, 1975a; Haberly
and Price, 1978b; Davis and Macrides, 1981). The
AON also projects to the piriform cortex, olfactory tuber-
cle, ventral tenia tecta, orbitofrontal cortex, and hypothal-
amus (Luskin and Price, 1983b; Price et al., 1991; Barbas,
1993) and receives projections from several structures
including the piriform and entorhinal cortices (Wyss,
1981; Luskin and Price, 1983b), the orbitofrontal cortices
(Hoover and Vertes, 2011), and the ventral CA1 region of
the hippocampal formation (Cenquizca and Swanson,
2007). While no clear topographic organization is appar-
ent in most of these projections (e.g., Price and Sprich,
1975; Luskin and Price, 1982), a few are clearly topo-
graphic. Bulbar projections to the AON pars externa,
and that structure’s projections to the contralateral OB,
are both strictly topographic (Schoenfeld and Macrides,
1984; Scott et al., 1985); the pars lateralis also may exhibit
some topographic organization (Scott et al., 1985).
Finally, the AON receives topographically organized
inputs from the ventral tenia tecta (Luskin and Price,
1983b). The regions and connections of the AON have
been reviewed in detail by Brunjes et al. (2005) and
Brunjes and Kenerson (2010).

Direct bulbobulbar contralateral projections that
bypass the AON also have been demonstrated in several
species including cat, rabbit, caiman, turtle, and fish
but are believed to be absent in others such as rat, mouse,
rhesus monkey, hamster, guinea pig, frog (Rana spp.),
and some lizards (reviewed in Turner et al., 1978;
Shipley and Adamek, 1984; Kemali and Guglielmotti,
1987; Halasz, 1990; Scalia et al., 1991; but see
Leveteau et al., 1993). Moreover, in frogs (Rana escu-
lenta), primary olfactory receptor neurons themselves
have been shown to project bilaterally and innervate
both OBs; this contralateral projection is mediated by
an interbulbar adhesion distinct from the anterior and
habenular commissures (Leveteau et al., 1992).
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Until recently, relatively little has been known about
the functional role of the AON for olfactory processing,
save that it mediates most or all bilateral bulbobulbar com-
munication in many species and thus presumably is
important for the bilateral integration of olfactory informa-
tion. Odor responses recorded in rabbit AON neurons
appeared less odor selective than those recorded in the
OB (Boulet et al., 1978), with odor responses distributed
and not topographically organized (Kay et al., 2011).
When adult rats were trained on simple discrimination
tasks, changes in odor-evoked neural activity (as measured
by 2-deoxyglucose histology) were observed in the AON
ofthe trained animals compared to their untrained counter-
parts; interestingly, no changes in 2-deoxyglucose uptake
were observed in the piriform cortex in this experiment
(Hamrick et al., 1993). Enhanced c-fos expression has also
been observed in the AON of rats that received forward
pairing of odors with a foot shock stimulus, demonstrating
that odor-induced c-fos expression can be modified
through aversive conditioning in the AON as well as in
the OB (Funk and Amir, 2000). C-fos expression within
OB odor-activated regions was also reduced bilaterally
when centrifugal afferents were severed by unilateral
section of the olfactory peduncle or by application of
noradrenergic antagonists within the OB, whereas
2-deoxyglucose uptake patterns were unaffected (Sallaz
and Jourdan, 1993, 1996).

More recent evidence has demonstrated the direct
regulation of OB processing by AON activity. For exam-
ple, during social odor processing, AON modulation by
the neuropeptide oxytocin activates excitatory projec-
tions onto inhibitory granule cell interneurons in the
OB, thereby increasing the signal-to-noise ratio of OB
principal neuron odor representations (Oettl et al.,
2016). However, broad chemogenetic activation of the
AON pars medialis impaired the detection of very low
concentration odors, whereas chemogenetic inhibition
of the same structure improved odor detection at very
low concentrations and enhanced olfaction-dependent
social interactions (Aqrabawi et al., 2016). These emerg-
ing data suggest that the AON is a plastic structure that
exerts strong top-down effects on OB processing and
is likely to regulate odor learning in concert with the
OB and other secondary olfactory structures (see also
Rothermel and Wachowiak, 2014).

Rostromedial olfactory structures

The ventral tenia tecta, anterior hippocampal contin-
uation and indusium griseum receive input from the
OB in their small molecular layers (de Olmos et al.,
1978; Wyss and Sripanidkulchai, 1983; Adamek et al.,
1984; Shipley and Adamek, 1984; Levy et al., 1999);
in addition, the latter two (perihippocampal) structures
receive input from the entorhinal cortex (Luskin and

Price, 1983b). Because the anterior hippocampal contin-
uation and indusium griseum have been considered
part of the hippocampal formation, their inputs from
the OB, while relatively sparse, have been suggested to
provide a more direct olfactory input to the hippocampus
proper than that via the entorhinal cortex (Adamek et al.,
1984). While there are feedback projections from the
ventral tenia tecta and anterior hippocampal continuation
to the OB, the indusium griseum has not been shown
to project back to the OB. The ventral tenia tecta also
projects heavily to the AON (and receives projections
from it) and, additionally, sends projections to the ante-
rior piriform cortex and the olfactory tubercle (Luskin
and Price, 1983a; Santiago and Shammah-Lagnado,
2005), whereas the indusium griseum receives additional
input from the piriform cortex (Luskin and Price, 1983b;
Wyss and Sripanidkulchai, 1983; Adamek et al., 1984).
Interestingly, connections from the OB to the ventral
tenia tecta are absent in the microsmatic rhesus monkey
(Turner and Mishkin, 1978).

Olfactory tubercle

The olfactory tubercle in mammals is a prominent bulge
on the base of the brain just caudal to the olfactory pedun-
cle and medial to the LOT, receiving direct afferent input
from OB mitral and tufted cells (Heimer, 1968; de Olmos
et al., 1978; Scott et al., 1980). Notably, whereas both
mitral and tufted cells project to the olfactory tubercle,
they appear to innervate different discrete regions within
that structure, as they do within the AON (Igarashi et al.,
2012). The tubercle also receives indirect afferent input
via association fibers from piriform cortex (Fallon et al.,
1978; Luskin and Price, 1983a; Gaykema et al., 1991;
Wesson and Wilson, 2011), the endopiriform nucleus
(Behan and Haberly, 1999), and entorhinal cortex
(Haberly and Price, 1978a). Nonolfactory inputs to the
olfactory tubercle arise from the hippocampus, from
other sensory regions (perhaps contributing to multisen-
sory integration; Wesson and Wilson, 2010), and, most
prominently, from the “reward system,” including the
ventral tegmental area and nucleus accumbens (Zahm
and Heimer, 1993; Del-Fava et al., 2007; Wesson and
Wilson, 2011). Indeed, the deep, striatal portion of the
olfactory tubercle merges into the nucleus accumbens,
and these two structures are considered to collec-
tively comprise the ventral striatum, a component of
the basal ganglia. Like the nucleus accumbens, the
striatal olfactory tubercle is a major target of dopami-
nergic fibers from the ventral tegmental area (Santiago
and Shammah-Lagnado, 2005). The tubercle also
receives associational fibers from the ventral tenia tecta
(Luskin and Price, 1983b), thereby potentially integra-
ting the separate dorsomedial and lateral projection
pathways arising from the OB.
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Projections emerging from the olfactory tubercle
are directed toward the mediodorsal and submedial
nuclei of the thalamus (Price and Slotnick, 1983), the
ventral pallidum and nucleus accumbens (Heimer and
Wilson, 1975; Luskin and Price, 1983b), and other areas
(reviewed in Wesson and Wilson, 2011). In monkeys, the
tubercle also projects to the orbitofrontal cortex (Barbas,
1993). The tubercle also projects bilaterally back to the
AON (Brunjes et al., 2005) and the OB (Mohedano-
Moriano et al., 2012). The islands of Calleja within the
striatal tubercle project to, and receive projections from,
the piriform cortex (Fallon et al., 1978; but see Luskin
and Price, 1983b) and also receive inputs from the amyg-
dalar targets of the vomeronasal chemosensory pathway
(Fallon et al., 1978)

The inputs and projections to and from the olfactory
tubercle can vary substantially among species; e.g.,
in many macrosmatic animals (in which the olfactory
sense is well developed), the olfactory tubercle rece-
ives copious direct bulbar input, and cell bridges exist
between the olfactory tubercle and other striatal struc-
tures (Butler and Hodos, 1996), whereas, in humans
and other microsmatic primates, the region of the tuber-
cle receiving afferent input from the OB is greatly
reduced (Carmichael et al., 1994). Current understand-
ings of the roles and connections of the olfactory tubercle
have been reviewed in detail recently (Wesson and
Wilson, 2011; Xia et al., 2015).

The olfactory tubercle exhibits a superficial plexiform
layer like the lateral and rostromedial olfactory cortices,
but its cellular architecture varies substantially. Medially,
it resembles other striatopallidal complexes, whereas,
laterally (adjoining the piriform cortex), it exhibits a
trilaminar cortical organization (Heimer and Wilson,
1975; Millhouse and Heimer, 1984). The distinctive
islands of Calleja within the deep tubercle are closely
associated with the nucleus accumbens, to the extent
that, in microsomatic primates, in which the olfactory
tubercle is substantially reduced and difficult to identify,
the islands of Calleja sometimes have been interpre-
ted to lie within the nucleus accumbens itself. That said,
the nomenclature and defining features of the olfac-
tory tubercle vary (Wesson and Wilson, 2011), so this
distinction is less categorical than it may seem.

Neurons in the olfactory tubercle of rats can respond
to electrical stimulation of the OB, as suggested by
their direct bulbar inputs. Both excitatory and inhibitory
responses have been observed and are modulated by
the application of dopamine (Inokuchi et al., 1987,
1988). Similarly, the olfactory tubercle exhibits strong
responses to presented odors; these responses are less
prone to adaptation than those recorded in the piriform
cortex (Xiaetal., 2015), and they are strongly modulated
by the valence or behavioral significance of these odors

(Gadziola et al., 2015). Electrical stimulation of the
olfactory tubercle can modulate odor preferences and
act as a rewarding stimulus (Fitzgerald et al., 2014), sug-
gesting a role in reward processing, as befits its close
association with the nucleus accumbens. Finally, the
olfactory tubercle also responds to auditory inputs, sug-
gesting a role in multisensory integration (Wesson and
Wilson, 2010), though this now appears to be a more
general property of the lateral olfactory cortices (specif-
ically olfactory tubercle and piriform cortex; Varga and
Wesson, 2013).

Piriform cortex and endopiriform nucleus

Of all secondary olfactory structures, the piriform cortex
has been most intensively studied with respect to olfac-
tory function (Poo and Isaacson, 2009; Stettler and Axel,
2009; Isaacson, 2010; Payton et al., 2012; Bekkers and
Suzuki, 2013; Boyd et al., 2015; Xia et al., 2015). This
three-layered allocortex receives abundant afferent input
from the OB as well as inputs from other secondary olfac-
tory cortices (Krettek and Price, 1977a; Wyss, 1981;
Luskin and Price, 1983b; Kowianski et al., 1999). It is
traditionally divided into anterior piriform cortex,
which projects densely back to the OB and has a less
dense association fiber network, and posterior piriform
cortex, which projects less densely to the OB and has
a more extensive association fiber network (reviewed
in Bekkers and Suzuki, 2013). Additionally, the anterior
piriform cortex has been further subdivided into ventror-
ostral and dorsal subdivisions based both on intrinsic
cellular properties and on their different densities of
innervation by associative fibers from ventrolateral
orbitofrontal cortex (Illig, 2005).

Mitral and tufted cells project to the piriform cortex by
way of the LOT and arborize exclusively in layer Ia. The
piriform cortex also receives input from the orbitofrontal
and insular cortices, hippocampal formation, basal fore-
brain, brainstem, thalamus, hypothalamus, and amyg-
dala (Kemppainen et al., 2002; Illig, 2005), and sends
extensive projections back to the OB (de Olmos et al.,
1978; Haberly and Price, 1978a, b; Luskin and Price,
1983a; Carmichael et al., 1994; Mohedano-Moriano
et al.,, 2012). These feedback projections terminate
mainly on or near OB granule cell interneurons, which
inhibit mitral and tufted projection neurons in the OB
(Boyd et al., 2012). Many projections from the piriform
cortex to other regions also have been described (Haberly
and Price, 1978a; Takagi, 1986; Price et al., 1991;
Carmichael et al., 1994; Kowianski et al., 1999), includ-
ing projections to other secondary olfactory structures as
well as to the hippocampal formation, orbitofrontal and
insular isocortices, the amygdaloid complex, the hypo-
thalamus, and the mediodorsal and submedial nuclei of
the thalamus.
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Physiologic responses in the piriform cortex have
been studied more extensively than in other secondary
olfactory cortices (reviewed in Wilson et al., 2006;
Bekkers and Suzuki, 2013). While odor responses in
these areas are widely distributed and display no evi-
dent topography (Stettler and Axel, 2009), individual
neurons in anterior piriform cortex can exhibit receptive
fields comparable to those reported in the OB (Wilson,
2000), and undergo rapid adaptation that underlies
behavioral habituation (Kadohisa and Wilson, 2006;
Linster et al., 2009). Piriform cortical neurons also
exhibit response plasticity during olfactory learning
tasks (Calu et al., 2007; Roesch et al., 2007). From a the-
oretical perspective, PC has long been proposed to func-
tion as an associative memory network (Haberly and
Bower, 1989); this hypothesis has been extensively
modeled (Linster and Hasselmo, 2001; Linster et al.,
2003; Mandairon et al., 2014; de Almeida et al., 2015)
and empirically investigated (Barnes et al., 2008;
Wilson, 2009). Notably, due to their different patterns
of connectivity with other cortices, the anterior and
posterior piriform cortices are thought to have distinct
functions (reviewed in Bekkers and Suzuki, 2013).

Deep to the piriform cortex lies the endopiriform
nucleus, a large group of multipolar cells that is intercon-
nected with the overlying cortex to the extent that it,
either alone or in combination with the deep portion of
layer III, is considered layer IV of piriform cortex by
some authors (Valverde, 1965; Tseng and Haberly,
1989). The function of the endopiriform nucleus is
unknown; however, studies with animal models suggest
that it plays an important role in temporal lobe epilepto-
genesis (Behan and Haberly, 1999). The input and output
connections of the endopiriform nucleus are very similar
to those of the piriform cortex (Kowianski et al., 1999);
however, efferents from the endopiriform nucleus lack
the precise laminar order of those from the piriform
cortex and form a heavy caudorostral pathway that the
piriform cortex lacks (Behan and Haberly, 1999).

Periamygdaloid cortex and the anterior
cortical nucleus of the amygdaloid complex

In mammals, axons from the main OB project to the peri-
amygdaloid cortex (considered part of the piriform cortex
by some; Paxinos and Watson, 1986) and the anterior cor-
tical nucleus of the amygdaloid complex. (While the
accessory OB also projects to the amygdaloid complex,
its target regions are not shared with those of the main
OB; Haberly and Price, 1978a; Krettek and Price,
1978; Luskin and Price, 1983b.) These “extended
amygdalar” structures exhibit a characteristic trilaminar
structure, although layers II and III are somewhat less
developed than in the piriform cortex (Krettek and

Price, 1978). Olfactory targets of projections from the
periamygdaloid cortex and the anterior cortical nucleus
include the piriform cortex, entorhinal cortex, infralim-
bic area, ventral agranular insular area, and perirhinal
area (Krettek and Price, 1977b; Kevetter and Winans,
1981; Wyss, 1981; Kowianski et al., 1999; Kunzle and
Radtke-Schuller, 2000), whereas the posterior cortical
nucleus also projects to piriform cortex (Kemppainen
etal., 2002). A third, superficial corticoid structure within
the amygdaloid complex, adjoining the anterior cortical
nucleus, is the nucleus of the LOT, this structure exhibits
a trilaminar structure similar to that of the anterior
cortical nucleus, though its interconnectivity with other
secondary olfactory structures is less well established.

Research in rats and in monkeys has shown that, in
awake, behaving animals, neurons in the amygdaloid
complex respond selectively to olfactory stimulation.
In rats, neurons in the basolateral amygdala responded
to odors (Cain and Bindra, 1972; Cain, 1975), dis-
played selective odor responses in an odor discrimination
task, and rapidly reversed this selectivity during reversal
learning (Schoenbaum et al., 1998). In monkeys, odor
selectivity in medial amygdalar neurons could be obtained
without training (Tanabe et al., 1975). In hamsters, con-
specific olfactory signals mediate neural activity in the
amygdalar complex (Westberry and Meredith, 2016). In
mice, the activation of projections from amygdala to piri-
form cortex modulates odor-induced activity; given the
importance of the amygdala for valence representation,
this may be a pathway to transmit valence information
to olfactory cortex (Sadrian and Wilson, 2015). The amyg-
dala also is implicated in the mediation of innate aversion
to odor signals (Root et al., 2014) and in olfactory fear
conditioning (Hegoburu et al., 2014). In PET studies of
humans, aversive odors activate the amygdala in both
hemispheres (Zald and Pardo, 2000).

In neonatal rats, the amygdala is strongly implicated
in the development of odor hedonics (Perry et al.,
2016). Lesions of the amygdaloid complex in neonatal
rats blocked the acquisition of odor preferences in
a conditioned odor association paradigm, although
this impairment could be overcome by overtraining
(Sullivan and Wilson, 1993). In contrast, in adult rats,
lesions of either the LOT inputs to the amygdala or of
the amygdala itself did not affect simple odor discrimina-
tion learning (Slotnick, 1985; Slotnick and Risser, 1990;
Sutherland and McDonald, 1990). Lesions of the bed
nucleus of the stria terminalis (described in Broadwell,
1975b; Krettek and Price, 1978; Turner and Zimmer,
1984) specifically blocked activation of the hypotha-
lamic paraventricular nucleus (PVN), which regulates
adrenocortical secretion, by olfactory stimuli, while spar-
ing activation of the PVN via other sensory modalities
(Mor et al., 1987).
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Entorhinal cortex

The lateral portion of the entorhinal cortex is the
most caudal projection of axons from OB (Heimer,
1968; Price, 1973; Scalia and Winans, 1975; Davis
et al., 1978). Entorhinal cortex is divided into medial,
lateral, and intermediate divisions and is commonly
categorized into six layers (or seven; there is some dis-
agreement between the primate and rat literatures;
Amaral and Witter, 1995), as opposed to the three (or
four) layers seen in piriform cortex. Entorhinal cortex
has been considered transitional between olfactory allo-
cortices and the isocortex, although its six layers do not
directly correspond to the six layers of mammalian iso-
cortex. While entorhinal cortex projects back to the OB
and also to other olfactory cortical structures, including
the AON, ventral tenia tecta, indusium griseum, piri-
form cortex, endopiriform nucleus, olfactory tubercle,
and amygdaloid cortices (Wyss, 1981; Luskin and
Price, 1983a, b; Kowianski et al., 1999; Santiago and
Shammah-Lagnado, 2005), its strongest projection is
to the hippocampal formation (Fig. 6.2B).

A number of studies have shown that olfactory stimuli
can modulate neural activity in the entorhinal cortex of
behaving rats (Kay and Freeman, 1998; Chabaud et al.,
2000; Mouly et al., 2001; Xu and Wilson, 2012). Highly
coherent dynamic neural responses from piriform cortex
and entorhinal cortex have been evoked by odor applica-
tion, and these dynamics change in the entorhinal cortex as
a function of the behavioral relevance of a given
odor stimulus (Kay and Freeman, 1998; Chabaud et al.,
2000; Mouly et al., 2001). While these data suggest the
functional relevance of entorhinal cortex to olfactory
processing, behavioral lesion studies have demonstrated
that rats with posterior sections of the LOT (severing
bulbar projections to the entorhinal and amygdaloid
cortices) are not noticeably impaired in simple odor
discrimination tasks (Slotnick and Risser, 1990; Thanos
and Slotnick, 1997; Zhang et al., 1998). While these data
may superficially suggest that the entorhinal cortex is not
a crucial structure for olfactory discrimination learning,
it also is clear that entorhinal cortex receives olfactory
input from many other secondary olfactory structures as
well as the OB; i.e., posterior LOT lesions may not elim-
inate the participation of the entorhinal cortex in olfactory
stimulus processing. Finally, it has been reported that
short-term memory for olfactory stimuli in a delayed
nonmatch-to-sample task in rats can be increased in dura-
tion by lateral entorhinal cortex lesions (Ferry et al., 1996;
Wirth et al., 1998). These results could of course also
be interpreted as a reduction in the rats’ ability to extin-
guish associations likely to be no longer appropriate due
to the passage of time, suggesting that such lesions would
impair reversal learning.

FUNCTIONAL PROPERTIES OF
SECONDARY OLFACTORY STRUCTURES

The anatomy of the olfactory pathways described in
this chapter clearly shows that olfactory processing
involves a large number of structures, heavily intercon-
nected with one another, and incorporating complex net-
works of feedforward and feedback interactions. As early
as in the OB, feedback projections from more central
brain structures influence neural dynamics and are cru-
cial for normal olfactory learning and odor recognition.
Whole-brain imaging studies in humans have shown that
multiple diverse neural structures become activated dur-
ing tasks involving olfactory stimulation, that the corre-
spondence between activation in these structures and
particular odor stimulus attributes can differ (Fournel
etal., 2016), and that the nature of the task strongly influ-
ences which of these structures become most activated.
For example, in studies measuring regional cerebral
blood flow increases using PET, the presentation of
single odors increased activity in the piriform, periamyg-
daloid, orbitofrontal, insular and cingulate cortices as
well as in the thalamus, indicating that olfactory stimuli
activate diverse regions throughout the human brain.
When subjects were tested on olfactory discrimination
and memory tasks, additional regions were activated,
including the cerebellum (Savic et al., 2000). In a similar
PET study, the orbitofrontal cortex was differentially
activated when subjects were asked to make judgments
about odor presence, familiarity, intensity, hedonicity,
or edibility; furthermore, this activation could be
differentially lateralized (Royet et al., 2000, 2001;
Sorokowska et al., 2016). Aversive odor stimuli have
been shown to increase regional cerebral blood flow in
the orbitofrontal cortex; highly aversive odor stimuli
additionally evoked such increases in the amygdaloid
complex (Zald and Pardo, 1997). Finally, in a functional
magnetic resonance imaging study differentiating the
effects of odor stimulation per se from those deriving
from motor and other correlates of odor sampling behav-
iors, Sobel et al. (1998) showed that active sniffing,
either in the absence or in the presence of an odor,
induced activation in the piriform and the medial and
posterior orbitofrontal cortices; in contrast, smelling an
odor, irrespective of sniffing activity, induced activation
mainly in the lateral and anterior orbitofrontal cortex.
These results emphasize a crucial caveat to imaging
and other physiologic studies: regions in which activity
correlates with or is shown to mediate important features
of an olfactory task are not necessarily chemosensory
in nature.

Physiologic and behavioral data from nonhuman
animals also have offered considerable insight into
the functional roles of various secondary olfactory
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structures in odor acquisition, processing, and memory
(Wilson et al., 2004, 2006). Neural responses evoked or
modulated by olfactory stimulation have been reported
in all secondary olfactory cortices studied and in several
tertiary structures as well; examples include the amyg-
dala (Schoenbaum et al., 1998; Perry et al., 2016),
orbitofrontal cortex (Tanabe et al., 1975; Schoenbaum
et al., 1998, 2000; Lipton et al., 1999; Ramus and
Eichenbaum, 2000), and hypothalamus (Courtiol and
Wilson, 2014, 2015; Wilson et al., 2014). Together,
these data demonstrate that animals’ experiences and
expectations regarding odors can persistently alter the
odor-evoked response patterns of individual neurons,
the neural ensembles activated in response to odorant
presentation, and the dynamics of the interplay of neural
populations. However, it remains unclear just what fac-
tors are being encoded or what the functional meanings
of the observed changes might be.

Behavioral lesion studies also can yield valuable
information about the putative contributions of various
structures to tasks such as odor detection, identification,
discrimination, responsivity, and learning. Behavioral
lesion studies suggest that deficits in odor detection
and learning are related to the extent to which the OB
is disconnected from the forebrain. For example, transec-
tions of only the LOT, the anterior limb of the anterior
commissure, or the olfactory tubercle had little effect
on performance of a simple odor discrimination task,
whereas combined lesions of these structures produced
severe impairments (Slotnick and Schoonover, 1992).
Interestingly, transections of the LOT, sparing the more
rostromedially directed outputs of the OB, had little
effect on odor retention, suggesting that rostromedial
olfactory projections can suffice for performance of
certain olfactory tasks (Slotnick and Berman, 1980).
Lesions of either the lateral or rostromedial portions of
the olfactory peduncle impaired rats’ performance in a
two-choice behavioral test, whereas rostromedial lesions
specifically impaired isocortical responsivity to food
odor presentation during slow-wave sleep (Gervais and
Pager, 1982). Finally, specific lesions of centrifugal pro-
jections back to the OB from lateral secondary olfactory
structures significantly modulated bulbar oscillatory
dynamics (Martin et al., 2004) and impaired odor-reward
associations (Kiselycznyk et al., 2006). More posterior
lesions of the LOT, disconnecting the amygdaloid com-
plex and entorhinal cortex from direct OB inputs, had
no detectable effects either on retention of a previously
learned odor detection task or on the acquisition of a sim-
ple odor discrimination (Slotnick, 1985; Slotnick and
Risser, 1990). However, substantial associational projec-
tions to the entorhinal cortex from multiple secondary
olfactory structures remained intact under this procedure,
such that the contribution of entorhinal cortex activity

to the olfactory task may not have been eliminated by
the LOT lesions. Indeed, in some types of olfactory
memory tasks, lesions of the entorhinal cortex can be
interpreted to facilitate olfactory recognition. In an
olfactory habituation task, rats with aspirative entorhinal
cortex lesions displayed recognition of a previously
investigated odor at shorter latencies than control rats
(Wirth et al., 1998). Similar results have been obtained
using conditioned odor aversion, in which entorhinal
cortex lesions lengthened the time window during which
an association between the odor stimulus and the subse-
quent aversive stimulus could be formed (Ferry et al.,
1996, 1999). Lesions of the mediodorsal thalamic
nucleus, in contrast, impaired both acquisition of an odor
discrimination task and its reversal (Slotnick and Risser,
1990). Finally, lesions of the olfactory inputs to the
amygdala did not impair performance on olfactory detec-
tion and discrimination tasks (Slotnick, 1985); however,
odor preferences that were affected by bilateral amygda-
lar lesions in neonatal rats could be restored by extensive
training (Sullivan and Wilson, 1993).

FURTHER DEVELOPMENT AND
RECOMMENDATIONS

Olfactory sensory input pathways diverge immensely
after emerging from the relative bottleneck of the OB.
As reviewed herein, these secondary olfactory projections
innervate a broad diversity of structures deriving from
several distinct telencephalic pallial and subpallial tissues
as well as diencephalic, midbrain, and brainstem struc-
tures. Many of these structures are highly interconnected
with one another via associational projections, and each
receives characteristic extrinsic and neuromodulatory
inputs from other regions of the brain that can influence
neuronal responses and complex behavior (e.g., Oettl
et al., 2016). While these structures and projections are
remarkably conserved among vertebrates, there also are
numerous species-specific variations that presumably
derive from the divergent adaptive needs of each species,
both in terms of novel or absent projections and in terms of
the relative densities of projection patterns among second-
ary and tertiary olfactory structures. Lacking specific
knowledge of what purposes most of these structures
serve, or even of the physiologic and adaptive tasks that
must be performed by the organism and for which it
requires olfactory perceptual information, which frame-
work for analysis is likely to be the most conducive to elu-
cidating an understanding of these structures over time?
It may be counterproductive to think of secondary
olfactory structures as primarily “olfactory” in nature.
In particular, it may be misleading to judge such
structures primarily on the basis of the purported odor
selectivity of individual neurons, or even of ensembles.
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Aside from the typically unwarranted assumptions
about mechanism that necessarily underlie statistical
measures of selectivity, it is unlikely that ever-increasing
specificity is the general goal of all secondary proces-
sing. Rather, a functional approach is likely to be stron-
ger: for what various purposes might a given organism
require olfactory sensory data, and what elements of
those data are needed for the organism to respond adap-
tively? How precise must an olfactory identification be
to meet the organism’s needs, and what are the probable
costs of false positive errors compared with false nega-
tives? Even if maximally specific odor identification
were prerequisite to all decision processes utilizing
olfactory information—an unlikely possibility—neural
activity based increasingly on contingency and less on
the physical characteristics of the stimulus would be
expected as the response cascade proceeds beyond pri-
mary sensory areas in the brain. In some tissues, studying
how the categorization of different olfactory stimuli
changes, for example, may be more indicative than mea-
suring how theoretically orthogonal their representations
may be.

In short, a functional approach to understanding the
contributions of secondary olfactory structures to cog-
nition and human health might be to hypothesize an
information-processing task to which a given structure
might contribute, to assess what elements of olfactory
sensory information would be required in order for
it to fulfill that task, and to predict what cellular and
network mechanisms would be required in order to
extract this information from the ensemble activity of
the projection neurons that innervate it. Given the known
involvement of olfactory structures in many brain disor-
ders, including epilepsy (Restrepo et al., 2014; Vaughan
and Jackson, 2014), Alzheimer’s disease (Velayudhan
and Lovestone, 2009; Roberts et al.,, 2016), and
Parkinson’s disease (Zhu et al., 2016), a more complete
understanding of these interacting systems is crucial to
our understanding of the function and vulnerabilities of
the healthy brain (Wilson et al., 2014).
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