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The olfactory epithelium is extensively innervated by sympathetic nerve end-
ings, which release norepinephrine, and parasympathetic nerve endings, which
release acetylcholine. Because olfactory sensory neurons have adrenergic and
muscarinic receptors in addition to odorant receptors, autonomic stimulation
can modulate the responses of olfactory sensory neurons to odorants. Recent
studies have shed light on the molecular mechanisms that underlie crosstalk be-
tween muscarinic and odorant receptor signaling. The emerging view is that the
stimulation of odorant receptor signaling by odorants, which is the earliest step
in olfaction, can be substantially regulated by the autonomic nervous system.

How sophisticated is your nose? The nose
was once believed to be nothing more than
a simple sensor that delivered olfactory in-
formation, such as the smell of a freshly
cut lawn or a plate of warm chocolate-chip
cookies, directly to the brain in an unpro-
cessed format. However, this perspective on
olfactory signaling has been evolving over
the past few decades, because it has become
clear that a substantial amount of informa-
tion processing occurs well before olfactory
information ever gets to the brain. A study by
Li and Matsunami (/) continues this shift in
thinking by providing new insights into how
odorant receptor signaling is modulated by
the autonomic nervous system. These find-
ings suggest that your nose is sophisticated
enough to differentially interpret odor infor-
mation depending on such factors as arousal
level and the interplay between the sympa-
thetic and parasympathetic nervous systems.

Olfaction begins in the olfactory epithe-
lium, which consists mainly of olfactory
sensory neurons (OSNs) and supporting
sustentacular cells. Odorants float into the
nasal cavity and bind to specific odorant re-
ceptors (ORs) found in the OSN cilia. The
ORs constitute a family of several hundred
heterotrimeric guanine nucleotide—bind-
ing protein (G protein)—coupled receptors
(GPCRs), each with distinct preferences
for binding to odorants. In addition to ORs,
OSNs also have more than 30 other types
of GPCRs, including receptors activated by
norepinephrine (also known as noradrena-
line) and acetylcholine (/—5). The olfac-
tory epithelium is innervated by autonomic
nerves, including sympathetic nerve end-
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ings, which release norepinephrine (6-9),
and parasympathetic nerve endings, which
release acetylcholine (Fig. 1) (6, 7, 9). Thus,
autonomic neurotransmitters are secreted in
the vicinity of OSNs, which have the recep-
tors to bind to them.

The sympathetic nervous system medi-
ates the “fight or flight” response and be-
comes activated during periods of stress.
Conversely, the parasympathetic nervous
system mediates the “rest and digest” re-
sponse and is active during feeding and at
other times when stress levels are low. Auto-
nomic regulation of sensory signaling in the
visual system has been intensively studied
for more than 100 years, and the mecha-
nisms of visual regulation by norepineph-
rine and acetylcholine have been described
in exquisite detail (/0). Autonomic regula-
tion of vision is important because your vi-
sual needs are very different when you are
fleeing a predator than when you are calmly
preparing food for a meal. However, in con-
trast to the attention that has been lavished
on autonomic regulation of vision, much
less is known about the regulation of the
other senses by the sympathetic and para-
sympathetic systems.

Autonomic neurotransmitters in the ol-
factory epithelium act on sustentacular cells
(11) and blood vessels (/2) to modulate ol-
faction indirectly, but they can also exert di-
rect effects on OSNs. For example, norepi-
nephrine enhances the maximal amplitude
of electro-olfactogram responses induced
by specific odorants (/3). Furthermore, the
stimulation of adrenergic receptors enhanc-
es odorant contrast by raising the threshold
for spike initiation in OSNs while simul-
taneously amplifying responses to strong
stimuli (/4, 15). The molecular mechanisms
that underlie sympathetic regulation of
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OSNs involve phosphorylation-dependent
changes in the activities of several different
ion channels, which result in a shift in the
response profiles of OSNs (/4).

Similar to norepinephrine, acetylcholine
can also potentiate OSN activity (/6), and
antagonists of muscarinic acetylcholine
receptors reduce the responses of OSNs
to odorants (/, /7). Systemic application
of cholinergic agonists enhances olfactory
discrimination of a broad array of odorants
and promotes olfactory learning (/8). Some
of these cholinergic effects on olfactory
discrimination are on neural circuits in the
olfactory bulb and other brain regions, but
cholinergic modulation of olfaction starts
with direct effects on OSNs (7, 2, 16). The
mechanisms underlying these direct cho-
linergic actions on OSNs are the focus of
the recent work by Li and Matsunami, who
showed that the M3 muscarinic acetylcho-
line receptor (M3-R) was abundant in OSN
cilia (/). Interestingly, the M3-R formed
complexes with ORs to promote odorant-
induced responses. Furthermore, odorant
responses mediated by M3-R-OR complex-
es were enhanced by agonists and blocked
by antagonists of muscarinic receptors.
These data suggest that acetylcholine can
modulate the very first step in olfaction, the
activation of ORs by odorants.

Interactions between different GPCRs
have been intensively studied over the past
decade as a mechanism that underlies cross-
talk between intersecting signaling systems
(19-21). ORs are capable of interactions
with certain types of GPCRs (22-26), al-
though the physiological importance of
these associations for OR function in na-
tive OSNs has been unclear. The work by
Li and Matsunami clarifies this situation by
demonstrating both the colocalization and
functional importance of complexes of M3-
Rs and ORs in OSNs (7). The association of
M3-R with ORs both potentiated odorant-
induced responses and switched the signal-
ing pathway used by at least one OR sub-
type from the traditional pathway involving
stimulation of Go, . and the generation of
cyclic adenosine monophosphate (cAMP)
to a pathway involving the stimulation of
GOLq and the mobilization of intracellular
calcium ions (Ca*"), a pathway to which
the M3-R normally couples. Similar obser-
vations of interactions of ORs with other
GPCRs that switch the G protein—coupling
preferences of the ORs have been described
for OR interactions with purinergic recep-
tors (24) and may contribute to the diversity
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Fig. 1. Autonomic modulation of the earliest steps of olfactory signaling. Norepinephrine
(NE) released by sympathetic nerves and acetylcholine (ACh) released by parasympathetic
nerves both can modulate the responses of olfactory sensory neurons to odorants. Stimu-
lation of adrenergic receptors, in either the cilia (as shown here) or cell body (not shown),
results in downstream changes in ion channel activity and olfactory sensory neuron output,
whereas muscarinic acetylcholine receptors can form complexes with odorant receptors in
the olfactory cilia to directly control odorant receptor activity.

of G protein—mediated pathways that are
stimulated by different odorants (27-29).
What do these findings mean for auto-
nomic modulation of olfactory signaling?
Specifically, because sympathetic and para-
sympathetic systems tend to oppose each
other in most organs, why do both adren-
ergic and cholinergic modulation of OSNs
seem to enhance responses to odorants? One
possibility is that adrenergic and cholinergic
modulation may enhance olfaction in dif-
ferent ways. If adrenergic stimulation en-
hances odorant contrast, filtering out weak
responses and amplifying strong ones (/4),

this enhanced focus on the strongest and
most salient olfactory cues might be benefi-
cial in times of great stress, when focus is
required. In contrast, if cholinergic modu-
lation of olfaction more broadly increases
responses to many odorants (7), this might
correlate with an enhanced appreciation for
the richness and complexity of olfactory
cues in a way that may be beneficial during
feeding. Future work in this area will seek
to shed light on the physiological impor-
tance of autonomic modulation of olfaction
in vivo and also strive to further clarify the
molecular mechanisms that underlie the ef-
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fects of norepinephrine, acetylcholine, and
other neurotransmitters on OSN signaling.
What is clear, though, is that a substantial
amount of information processing occurs
during the earliest steps of olfaction, which
means that your nose may be a lot more so-
phisticated than you might think.
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