Viewpoints
The Tubular Striatum

Daniel W. Wesson

The Journal of Neuroscience, September 23, 2020 - 40(39):7379-7386 - 7379

Department of Pharmacology & Therapeutics, University of Florida, College of Medicine, Gainesville, Florida 32610

In the mid-19th century, a misconception was born, which understandably persists in the minds of many neuroscientists
today. The eminent scientist Albert von Kolliker named a tubular-shaped piece of tissue found in the brains of all mammals
studied to date, the tuberculum olfactorium - or what is commonly known as the olfactory tubercle (OT). In doing this,
Kolliker ascribed “olfactory” functions and an “olfactory” purpose to the OT. The OT has since been classified as one of sev-
eral olfactory cortices. However, further investigations of OT functions, especially over the last decade, have provided evi-
dence for roles of the OT beyond olfaction, including in learning, motivated behaviors, and even seeking of psychoactive
drugs. Indeed, research to date suggests caution in assigning the OT with a purely olfactory role. Here, I build on previous
research to synthesize a model wherein the OT, which may be more appropriately termed the “tubular striatum” (TuS), is a
neural system in which sensory information derived from an organism’s experiences is integrated with information about its

motivational states to guide affective and behavioral responses.

Historical conceptualization of the olfactory tubercle
Neurobiology, like all branches of science, has developed its fair
share of misconceptions. These misconceptions may have origins
as far back as the late 18th century when Franz Joseph Gall
sparked assumptions that core aspects of brain function, includ-
ing affect and cognition, are localized to certain brain areas
(Simpson, 2005). More specific pursuits to assign functions were
made as histologic staining techniques allowed neuroanatomical
pioneers to identify the complex anatomic organization of the
brain. For instance, the nucleus accumbens was once designated
a component of what was area parolfactoria, and specifically was
termed the nucleus parolfactorious lateralis (note the olfactory
inclusion in its name) (Johnston, 1913) simply based on its phys-
ical location, thereby assigning it an olfactory function
(Johnston, 1923). Later, the nucleus accumbens was also called
the “olfacto-striatum” (Herrick, 1926), despite no evidence for
input from the olfactory bulb. This contextualization of the nu-
cleus accumbens has certainly been corrected, especially over the
past decades, with mountains of anatomic, behavioral, and physi-
ological evidence indicating the nucleus accumbens is an integral
component of the basal ganglia (for review, see Carelli, 2002;
Kalivas and Volkow, 2005; Nicola, 2007; Floresco, 2015).

In the mid-19th century, a similar misconception, which per-
sists in many minds today, occurred when the eminent and pio-
neering scientist Albert von Kolliker named a tubular-shaped
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piece of tissue on the most ventral part of the brain, the tubercu-
lum olfactorium - or what is now commonly known as the olfac-
tory tubercle (abbreviated as either Tu or OT) (Kolliker, 1896).
While Kolliker was a leader in some aspects of physiology, in
addition to his anatomic contributions, this naming of the OT as
an olfactory structure was not based on physiological evidence or
function. It was based on the OT’s tubular shape and its proxim-
ity to the olfactory bulb (Kélliker, 1896). Nevertheless, in doing
so, Kolliker assigned the OT “olfactory” functions, and an “olfac-
tory” purpose, which has galvanized how brain researchers have
conceptualized the OT for more than a century.

It is not the intention of this Viewpoints article to say the OT
is void of olfactory roles. As summarized later, the OT is indeed
both richly interconnected with other olfactory structures, and
partakes in processing odor information. Thus, it was not a tre-
mendous disservice for Kolliker to have ascribed olfactory func-
tions to the OT. Instead, the goal of this Viewpoints article is to
summarize recent advances indicating that the view of the OT as
solely an “olfactory” structure is too narrow and restrictive to
guide research in fully understanding the contributions of this
brain region to the neurobiology of behaviors.

Early anatomy confirmed the OT is interconnected within
the olfactory system

The early anatomic work that included the OT in its sights is rich
and spans a wide array of vertebrate animals. In most animals,
the OT can be observed as the round (i.e., “tubular”) bulge on
the most ventral aspect of the basal forebrain. In rodents and
birds, for instance, the OT is visually apparent when inspecting
the inferior view of the brain (Fig. 1), being a pronounced bulge
between the lateral olfactory tract and the optic chiasm. In
humans, the OT may be called the anterior perforate space or the
anterior perforated substance, which, since the time of Ramon y
Cajal (1904), has been considered a conserved brain region from
lower vertebrates to humans. In humans and many nonhuman
primates, the OT is in a similar portion of the basal
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Figure 1.  Localization of the OT in mice and humans. Approximate areas of the OT in the
mouse brain from both the inferior (a) and coronal (b) views. ¢, lllustration of the relative
location of the OT in humans and mice in respect to the neighboring nucleus accumbens
shell (NAc sh) and core (NAc cr) and the ventral pallidum (VP).

forebrain, yet often not visible on the external inferior sur-
face of the brain.

The OT is not a homogeneous structure but instead has a
highly elaborate cytoarchitecture. This is related to its composi-
tion of compartments (cortical, striatal). These are well defined
in larger mammals in which the cortical compartment can be
observed in the more lateral aspect of the OT and the “striatum-
like” compartment in the medial aspect (Meyer and Wahle,
1986). In the cortical compartment, the cell layers undulate, giv-
ing rise to so-called “caps” of cells (Meyer and Wahle, 1986).
Adding to this heterogeneous composition is the presence of
dense clusters of granule cells termed the islands of Calleja
(Ganser, 1882; Millhouse and Heimer, 1984). Although the
islands of Calleja are observed in animals ranging from rodents
to primates, it is notable that the discrete borders and presence
of the OT’s compartments are not highly evident in small
rodents, like mice.

The OT is composed of multiple cell types (Millhouse and
Heimer, 1984; Millhouse, 1987), each with distinct electrophysio-
logical properties (Chiang and Strowbridge, 2007). As will
become more apparent below, the vast majority of OT neurons
are medium spiny neurons (also known as spiny projection neu-
rons). This cellular composition differs from most olfactory
areas, in which the principal neurons are glutamatergic pyrami-
dal cells.

Kolliker’s presumption that the OT is an “olfactory” structure
manifested as true in the sense that, when anatomic tracing
methods arose, the findings supported the dense connectivity of
the OT with the olfactory system (Fig. 2a). The OT receives mas-
sive input from the olfactory bulb: directly from its output neu-
rons, called mitral and tufted cells (Gurdjian, 1925; L. E. White,
1965; Scott et al., 1980). The OT also receives disynaptic input
from the olfactory bulb by way of the piriform cortex (Schwob
and Price, 1984a; Carriero et al., 2009; K. A. White et al., 2019),
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which like the OT, receives direct input from olfactory bulb out-
put neurons. Nearly the entirety of the OT, which spans quite a
large space along the ventral surface of the brain (Fig. la),
receives input from an olfactory brain region (L. E. White, 1965;
Heimer, 1968; Luskin and Price, 1983a,b; Schwob and Price,
1984a,b; Johnson et al., 2000; Sosulski et al., 2011; Zhang et al.,
2017b). The OT’s receipt of monosynaptic input from the OB,
together with its largely laminar architecture (three layers),
resulted in the OT being classified as one of several olfactory cor-
tices (Pigache, 1970).

Functional evidence for a role of the OT in olfaction in
rodents and humans

The OT’s functional connections with olfactory structures were
largely ignored and are still underappreciated compared with the
wealth of interest invested into the “primary” olfactory cortex
(the piriform) and the olfactory bulb. John Scott and his group
were among the first to investigate the functional sources of ol-
factory input to the OT. They recorded from olfactory bulb mi-
tral and tufted cells, looking for antidromic activation of these
cells during stimulation of the OT in anesthetized rats (Scott,
1981). The authors uncovered evidence for functional input
from these olfactory bulb cells and, through subsequent horse-
radish peroxidase injections in the OT, concluded that the cells
innervating the OT are mostly tufted cells. Further, the authors
reported that antidromic activation of the lateral aspect of the
OT, which most closely neighbors the lateral olfactory tract,
tended to result in greatest antidromic responses, thus suggesting
spatial organization in the functional input from the olfactory
bulb. Notably, it is thought, based on tracing work from other
groups, that the OT does not innervate the piriform cortex
(Zhang et al., 2017b) and thus this activation does not likely
result from disynaptic antidromic influences. This was comple-
mented by subsequent work that showed synaptic potentials in
the OT after stimulation of the lateral olfactory tract, which is
composed of fasciculated olfactory bulb mitral and tufted cells
(McNamara et al., 2004). Given these features, it is not surprising
that OT local field potential activity is coupled with both nasal
respiration and respiratory theta rhythm in the olfactory bulb
(Carlson et al., 2014).

Additional research has uncovered functional input to the
OT from the piriform cortex. The first paper to do so found,
through field potential and voltage sensitive dye imaging of the
OT in an in vitro isolated guinea pig brain, that stimulation of
the piriform cortex elicits evoked potentials in the OT, which are
nearly abolished after lesion between the piriform and the OT
was used to sever association fibers arising from the piriform
cortex (Carriero et al, 2009). Follow-up work involving our
group with collaborators recently explored piriform association
fiber influences on the OT in awake mice. This revealed that
evoked stimulation of piriform terminals in the OT influences
OT unit firing and that piriform association fibers synapse on
OT medium spiny neurons expressing dopamine receptors D1
and D2, the most common cell types in the OT (K. A. White et
al., 2019).

Several groups over the past decade have begun to character-
ize the representation of odors in the OT without regard to
whether the signals originate from the OB, the piriform cortex,
or (more likely) a combination of the two sources. Odor-evoked
activity arrives in the OT on average ~125 ms after the onset of
inhalation (Payton et al., 2012) (Fig. 2¢). Individual OT neurons
display broader tuning for some odors than for other odors (Fig.
2b), but it does not appear OT neurons as a population are
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piriform cortex, which receives direct input from the olfactory bulb to extend disynaptic input to the OT. Data from Gurdjian (1925), L. E. White (1965), Scott et al. (1980), and Schwob and
Price (1984b). b, Example of odor-evoked activity in two OT single units from two separate urethane-anesthetized mice. Data are single-unit raster plots and peristimulus time histograms
across multiple presentations with four different odorants (from left to right: 1,7-octadiene, ethyl propionate, heptanal, and isoamyl acetate). The top unit displays narrow tuning, responding
to only one of the odorants, whereas the bottom unit responds to several odorants. Data adapted from Wesson and Wilson (2010). ¢, Example single-unit raster of spiking events (red) during
odor presentation in relation to respiratory cycles, indicating the short latency until spiking from this unit relative to the onset of inhalation (open circle). Data adapted from Payton et al.
(2012). d, Example multiunit OT trace (MUA) and single-unit raster plot (unit) along with respiration (resp) from a single recording in a urethane-anesthetized mouse showing reduction in spik-
ing with decreased intensities of a single odor (1,7-octadiene). Whereas the 1 torr intensity odor elicited robust spiking during most inhalation events, the single unit in this example did not

spike to the lowest intensity. Data adapted from Xia et al. (2015).

specialized to represent any given type of odor (e.g., social, food)
because OT neurons respond to all odor types and odorants
studied to date (Wesson and Wilson, 2010; Payton et al., 2012).
OT neurons represent odors based on their intensity (Fig. 2d)
and can display adaptation to odors over prolonged exposure,
similar to the piriform cortex (Xia et al., 2015). Stimulus selec-
tive, concentration variant, and/or adapting responses to pro-
longed stimulus exposure are several of the hallmark features for
sensory coding observed throughout primary and secondary
sensory processing nodes. Notably, while the above studies were
all in mice or rats, early work in nonhuman primates suggested
the presence of odor-evoked activity in the OT (Williams et al,,
1993). Thus, in the context of odors, the OT acts like an olfactory
structure in its odor responding.

Interestingly, work from both rats and humans has begun to
uncover insights into how odor representations in the OT may
be shaped by behavioral states (Carlson et al., 2014), and even
specific cognitive states, such as selective attention (Zelano et al.,
2005; Carlson et al., 2018). Because cognitive modulation of sen-
sory processing is observed throughout sensory cortices
(Desimone and Duncan, 1995; Lakatos et al., 2007; Fontanini
and Katz, 2008), this work provides additional evidence that OT
has properties comparable to those seen throughout sensory
systems.

Counterpoint: the ventral striatopallidum

The above evidence leaves no doubt that the OT partakes in rep-
resenting odors and in the state-dependent modulation of those
representations in manners that would enhance perception based
on behavioral and cognitive demand. However, in the mid-to-
late 20th century, the anatomist Lennart Heimer contested the
notion that the OT should be grouped with the piriform cortex
as a component of the olfactory system. Heimer’s work on this

topic, which will be briefly reviewed here, led to a different per-
spective on the OT, which has since been investigated in the con-
text of motivated behavior.

Heimer and colleagues put forth several lines of reasoning
explaining why the OT should be considered part of the ventral
striatum (Heimer et al., 1982; Switzer et al., 1982; Alheid and
Heimer, 1988; De Olmos and Heimer, 1999). Heimer performed
lesion studies that, through investigation of degeneration of
interconnected structures, indicated that the OT was more con-
nected with regions beyond the olfactory system than with the
neighboring piriform cortex. Heimer further argued that the OT
was truly “striatal” in nature because, like the striatum, it was
composed largely of medium-sized (spiny) neurons that, in some
areas of the OT, formed a patchy organization. He also noted
that, similar to the rest of the striatum, the OT is rich in acetyl-
cholinesterase. Indeed, inspection of a brain atlas, including ace-
tylcholinesterase ~staining, quite remarkably allows clear
identification of the OT at the very ventral part of the brain,
beneath the nucleus accumbens, and disambiguates the OT from
its medially and laterally neighboring structures (i.e., the ventral
diagonal band and the piriform cortex) (Paxinos and Franklin,
2000). Additionally, Heimer noted afferent and efferent projec-
tions to and from the OT are analogous to those of other striatal
structures, including input from the globus pallidus and dense
innervation by ventral tegmentum dopaminergic neurons in the
midbrain. Further, the OT, like the nucleus accumbens, projects
to the ventral pallidum and receives massive cortical input,
including from the frontal cortex (Vertes, 2004; Hoover and
Vertes, 2011; Zhang et al, 2017b), as well as input from the
amygdala and ventral subiculum. The most overt distinction
between the OT and other striatal structures, such as the nucleus
accumbens in terms of connectivity, is that only the OT receives
direct synaptic input from the olfactory bulb.
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Figure 3.  Lennart Heimer’s original drawing, illustrating his concept that the ventral stria-
topallidum is integral with the basal ganglia’s striato-pallidopthalamic loop. Reproduced
with permission from Heimer et al. (1982). VS, Ventral striatum; VP, ventral pallidum; MD,
medio-dorsal thalamus; VA, ventralis anterior complex of the thalamus; VL, ventralis lateralis
complex of the thalamus; GP, globus pallidus; C-P, caudate putamen. While not indicated in
this illustration, Heimer included the nucleus accumbens as part of the VS.

Together, this work led Heimer to propose that the nucleus
accumbens and OT form a conglomerate brain system he termed
the ventral striatopallidum, which today is more commonly
called the ventral striatum (though notably this term is not
overtly inclusive of the ventral pallidum). Noting connectivity of
the ventral striatopallidum, which contributes to the basal gan-
glia’s striato-pallidothalamic loop (Fig. 3), Heimer posited that
the ventral striatopallidum influences behavior, including motor
behaviors (Heimer et al., 1982). Further, he predicted that the
ventral striatopallidum’s subsystems (the nucleus accumbens,
ventral pallidum, and OT), while interconnected (for review, see
Ikemoto, 2007), play distinct roles in behavior based on their
anatomy and neurochemistry (De Olmos and Heimer, 1999). As
a side note, Herrick’s “olfacto-striatum,” which, as mentioned
earlier in this paper, was the term he used for the nucleus accum-
bens, did not encompass the OT (Herrick, 1926).

Evidence supporting involvement of the OT in motivation,
reward, and addiction

What evidence might support Heimer’s concept of the OT as a
component of the ventral striatum? In 1978, George Koob and
colleagues lesioned dopaminergic innervation of both the OT
and the nucleus accumbens with 6-hydroxydopamine, and
reported that rats with lesions consumed more food and dis-
played less switching between eating and drinking modes than is
typical (Koob et al., 1978). Prado-Alcald and Wise (1984) allowed
rats to self-administer electrical stimulation of the OT and
reported that such stimulation was rewarding. Our group fol-
lowed up on this work many years later by showing that electrical
stimulation of the OT in mice is sufficient to influence place pref-
erences (Fitzgerald et al., 2014).
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The Prado-Alcala and Wise (1984) paper noted above also
reported that rats would self-administer electrical stimulation to
other brain areas, including the nucleus accumbens. What still
remained to be determined was whether the OT and nucleus
accumbens may differ in how they may distinctly contribute to
reinforcement behavior. In 2003, Satoshi Ikemoto performed a
careful and elegant experiment to assess whether rats would self-
administer cocaine intracranially into the OT (Ikemoto, 2003).
Ikemoto implanted rats with infusion cannulae into the nucleus
accumbens core or shell or into discrete areas of the OT, includ-
ing the medial and lateral aspects. He reported evidence in sup-
port of Heimer’s hypothesis the ventral striatum subregions may
have unique functions by demonstrating that rats would self-
administer cocaine into the OT more often than into the nucleus
accumbens (Fig. 4a). Further, he found evidence that specialized
regions within the OT support this behavior: rats pressed for co-
caine infusions into the medial OT more than into the lateral.
This study by (Ikemoto, 2003) is to date the gold-standard work
on the reinforcing effects of the OT and one that has been clearly
influential in many of the subsequent studies that will be dis-
cussed here.

More recent work has shown that OT neural activity repre-
sents instrumental actions, as well as rewards themselves. First,
and related to the above work by (Ikemoto, 2003), OT activity is
modulated around the times animals self-administer cocaine
(Striano et al., 2014). Second, work by our group found that OT
units in water-motivated mice represent instrumental respond-
ing (licking) to obtain a fluid reward (Gadziola and Wesson,
2016) (Fig. 4b,c). The representation occurs before lick onset
(Fig. 4¢), and this “invigoration” of spiking is dependent on the
motivation state of the animal with more spiking occurring
when animals are less thirsty. Further, the firing of OT units enc-
odes reward intake (but interestingly not reward omission) (Fig.
4b), the type of reward taken (at least when comparing natural
reinforcers, e.g., saccharin, sucrose, or water), and also the
reward magnitude (Gadziola and Wesson, 2016).

Notably, comparable features of neural activity to those
reviewed above are observed in the nucleus accumbens (e.g.,
Carelli et al., 1993; West and Carelli, 2016). How might OT neural
activity differ from that in the nucleus accumbens? Recent work
from our group sought to define functional differences between
these ventral striatum subregions in the encoding of instrumental
responding for rewards, as well as rewards themselves (Wright
and Wesson, unpublished observations). We performed simulta-
neous recordings of OT and nucleus accumbens single-unit activ-
ity as mice engaged in a sucrose self-administration task, followed
by extinction training and cue-primed reinstatement task phases.
Importantly, for this to be a fair comparison (since the OT receives
massive olfactory input), the cues used were not olfactory, but
instead were auditory and visual. As expected, neurons in both
regions represented instrumental responding and reward acquisi-
tion. However, throughout the task phases, more OT neurons
were significantly modulated in their firing compared with those
in the nucleus accumbens. Further, compared with the nucleus
accumbens, among those modulated neurons, those in the OT dis-
played greater changes in firing that coincided with both anticipa-
tory behavior and consummatory behavior when reward was
available. Throughout extinction training and cue-primed rein-
statement (i.e., when reward was not available), OT neurons that
were recruited still displayed some greater increases in firing than
those in the nucleus accumbens. These data suggest there are dif-
ferences in how ventral striatum subregions are engaged during
motivated behavior (Wright and Wesson, unpublished
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quency of intracranial cocaine infusions into ventral striatum subregions (red represents OT) when rats were allowed to self-administer 200 mm cocaine. Rats more frequently self-administered
cocaine into the medial OT than any other brain region tested. b, Population-averaged firing of OT single units (normalized) during the engagement of mice in a water-motivated task requiring
them to lick in succession to obtain a fluid reward. Receipt of reward on the first lick (“wet” lick) evoked a brief bust of firing in the units; this was not observed on trials in which the reward
was withheld (omission). ¢, Example activity of two single units from separate mice (black rasters across trials and peristimulus time histograms averaged across trials) recorded in the same
paradigm as in b, but relative to the time the animal initiated the successive licks yet received no reinforcer (“dry” lick). Red ticks represent timing of licks. Both example units increased firing
before the onset of the instrumental response to obtain the reward; and in the example to the right, the firing was not related to timing of licks. b, ¢, Adapted with permission from Gadziola

and Wesson (2016).

observations), and it is likely these differences will stand out even
more in the context of reinforcers with strong olfactory compo-
nents (e.g., food, cigarettes, alcohol).

Evidence supporting the unique capacity of the OT to shape
odor information based on associated values

Some studies provide evidence explaining why an “olfactory”
structure appears to have a privileged home in the ventral stria-
tum compared with all other areas that receive olfactory-bulb
input. For one, our above-mentioned study on electrical stimula-
tion of the OT in mice (Fitzgerald et al., 2014) reported that OT
stimulation is not just reinforcing, but also influences place pref-
erences among odors. Several different laboratories each reported
in separate studies that lesions or inactivation of the OT and/or
the ventral striatal pallidum, reduced preferences mice displayed
for urinary odors of opposite sex conspecifics (Agustin-Pavon et
al.,, 2014; DiBenedictis et al., 2014, 2015), yet without disrupting
the basic abilities of the mice to detect and differentiate between
odors (DiBenedictis et al., 2014). Perhaps tying these results in
with those of the Ikemoto (2003) cocaine infusion study, the
lesions in one of these studies were selective to the medial part of
the OT (DiBenedictis et al., 2015), again highlighting a likely im-
portant role for this OT region in motivation. Indeed, a recent
study found that optogenetic manipulation of dopaminergic

input to the medial OT is highly crucial in shaping odor preferen-
ces, an effect prevented by blocking OT dopamine receptors
(Zhang et al., 2017a). This is consistent with ex vivo brain-slice
recordings that found phasic dopamine robustly facilitates plastic-
ity at synapses between olfactory-bulb afferents and OT medium
spiny neurons (Wieland et al.,, 2015). Notably, midbrain dopa-
mine neurons may also corelease glutamate, and dopamine-neu-
ron glutamatergic synapses are reported in the OT (Mingote et
al., 2015).

Associating odors with learned outcomes profoundly shapes
how they are represented in the OT. In 2015, our group per-
formed the first recordings of OT single units in behaving mice
and discovered that most OT units represent odors that have
been conditioned to predict a reward with greater changes in fir-
ing rates than those conditioned not to predict reward (Gadziola
et al,, 2015). Moreover, through reversal learning, we showed
that these responses were flexible: the units tracked the associated
outcomes by changing their firing rates as the animals learned
the new behavioral contingencies. Also, the activity of OT units
reflected subsequent odor-guided behaviors, that is, whether the
animal made a correct response or not. At about the same time,
a similar report came from Murata et al. (2015) who conditioned
mice to associate odors with specific outcomes (food reward or
shock) and, using c-Fos mapping, found that the medial aspect
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of the OT was most activated by learned-rewarded odors,
whereas the lateral aspect of the OT was most activated by
shock-associated odors. Both effects, regardless of associated out-
come (reward or shock), were driven largely by odor-induced
activation of neurons expressing the D1 receptor. The differential
representation of perceived odor “value” reported by the above
studies is also supported by human fMRI work in which different
odors are paired with uniquely valued outcomes (Howard et al.,
2016).

Further supporting the hypothesis that the OT is striatal in
nature, recent papers have revealed that the OT is distinct from
olfactory regions in its ability to display reward-associated odor
coding. For instance, our group and that of Millman and Murthy
(Gadziola et al., 2020; Millman and Murthy, 2020) have each
recently reported that, whereas OT neurons divergently repre-
sent odors conditioned to predict reward more than those that
do not, neurons in the piriform cortex do not, or do so to a far
lesser extent. The Murthy group showed that the learning of
odor-reward association by OT units was exceptionally rapid
throughout conditioning (Millman and Murthy, 2020). Further,
our group used fiber photometry of aggregate calcium signals in
either D1- or D2-Cre mice to discover that the representation of
odor-reward associations seems to be driven largely by OT D1
neurons (similar conceptually to the findings reported by
Murata et al,, 2015) and that optogenetic activation of OT D1
neurons promotes the engagement of mice in a reinforcement-
based task (Gadziola et al., 2020). Finally, recent work pairing
optical stimulation of midbrain dopamine neurons with odors
(in awake, but nonbehaving mice) found, excitingly, that the
ability of OT units to drive divergent responding to one odor
over another may rely solely on dopaminergic input (Oettl et al.,
2020).

Thus, the OT represents rewards, and its activity in response
to sensory stimuli is shaped by learned outcomes, not unlike
effects seen in addiction, in which cues begin to take on meaning
of reinforcer availability. The OT also supports cocaine taking. It
is worth noting that, despite these features, current models of the
brain’s “reward system” do not include the OT (O’Connell and
Hofmann, 2011; Russo and Nestler, 2013).

Synthesis of a viewpoint

Bringing together these lines of research, it is apparent that the
OT functions neither as a purely “olfactory” structure nor as a
purely “striatal” structure. OT neurons encode odors, but this
encoding can depend on associative outcomes: a feature similar
to that seen in the striatum’s nucleus accumbens (Gottfried et al.,
2002). But that said, numerous brain systems represent stimuli
depending on their associated valences (Anderson et al., 2003;
Zald, 2003; Kumar et al., 2012; Chikazoe et al., 2014), so that
does not necessary rule out an alternative framework for the OT.
The OT supports cocaine-taking, encodes goal-directed behav-
iors, and even encodes rewards themselves (Gadziola and
Wesson, 2016) in striatal-like manners (Carelli et al., 1993; West
and Carelli, 2016). Yet this does not indicate the OT is purely
striatal in function and thus dedicated to driving actions and
evaluating their outcomes.

What then is the function of the OT? Based on the above
studies, I propose that the OT is a neural system in which sen-
sory information derived from an organisms’ experiences is inte-
grated with information about its motivational states to guide
affective and behavioral responses. By this definition, the OT
does not need to be packaged as either olfactory or striatal. Sure,
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the OT is uniquely positioned to link odor information with
motivated states and allow animals to act on those stimuli
depending on their motivation. But the OT also receives a variety
of other types of sensory inputs through either direct or disynap-
tic pathways (not reviewed here; but see Wesson and Wilson,
2011). In this framework, the OT may evaluate a wealth of sen-
sory inputs based on motivational states, albeit with a likely bias
toward evaluating odor input, given the massive input of odor
information it receives.

It is tempting to bestow on the OT a different name. Some
groups, including ours, have recently referred to the OT as the
“olfactory striatum” (K. A. White et al,, 2019; Millman and
Murthy, 2020). This brings back memories of the nucleus
accumbens once being called the “olfacto-striatum” (Herrick,
1926). While this is certainly more appropriate for the OT than
the nucleus accumbens, still, olfactory striatum imposes an “ol-
factory” function on the OT and misleads the field into the same
misconception that Kolliker generated with the name OT. The
OT deserves a suitable name that does not predict its to-be-deter-
mined functions.

It is apparent the OT is in the striatum; there is no need to
question the pioneering work of Heimer, which I will add, was
recently advanced by an exceptionally careful modern devel-
opmental study that indicated that OT neurons have develop-
mental lineages similar to other ventral striatum neurons, and
distinct from olfactory neurons (Martin-Lopez et al., 2019).
The OT is also notably “tubular” in shape. If an alternative
name would be raised going forward, I would propose the “tu-
bular striatum” (TuS). Rebranding the OT as TuS may result
in some confusion for the immediate future, yet the long-term
benefits of helping the community stop misconceiving this
brain region are great. How delayed would progress into the
nucleus accumbens have been if it were not renamed at some
point from its old designation as the nucleus parolfactorious,
and likewise, olfacto-striatum?

Going forward

Major voids exist in our knowledge of the TuS and how it inte-
grates with other neural systems to influence behavioral out-
comes. Several matters need to be attended to in order to reach a
greater understanding of this neural system. First and foremost,
investigators should be mindful of the TuS’s unique anatomic
features to ensure that studies specifically study the TuS without
unintentionally probing or manipulating the immediately adja-
cent structures, including the ventral pallidum, ventral diagonal
band of Broca, or the piriform cortex. A recent study even
lumped together the TuS’s span as part of the piriform cortex
(Carmichael et al., 2017). Thus, careful appreciation of the anat-
omy of the TuS and especially its borders is needed. Second,
investigations into the synaptic circuitry of the TuS are sparse
and would aid in resolving input and output from the TuS, as
well as how systems within the TuS engage each other to shape
information processing. For instance, do D1 and D2 medium
spiny neurons in the TuS influence local activity in ways impor-
tant for learning, as observed recently in the nucleus accumbens?
The neurochemical composition of the TuS is rich (Cansler et al.,
2020), with a wealth of intrinsic and extrinsic systems in place
for investigation. Understanding the microcircuitry of the TuS
will be critical for guiding functional studies in behaving animals.
Third, studies into the behavioral functions of the TuS will only
advance our understanding for this system if the behavior is care-
fully designed, controlled for, and interpreted. For our under-
standing of the TuS to be accurately advanced, we should take
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cues from the careful behavioral paradigms used by investigators
in other systems (e.g., how Pavlovian fear learning has advanced
the understanding of basolateral amygdala, or the vestibular ocu-
lomotor reflex has advanced the knowledge of cerebellar cortex)
and adapt similar rigorous and sensitive paradigms to the study
of the TuS. Finally, and what should be evident by this point,
future investigators should not ascribe pure olfactory functions
to the TuS, nor for that matter, assign functions associated with
one sensory system to most brain regions. I began investigations
into the TuS with “olfactory” goggles on; however, our group’s
work, that of our collaborators, and that of the other groups
mentioned here (as well as some that could not be mentioned
here for brevity) has shown that the TuS may have a wealth of
functions from sensory, cognitive, affective, to motor; and
approaching experiments without a bias in what that function
may be will be in the best interests of advancing scientific discov-
ery into the roles of this brain region.
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