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Abstract. Chemosensory pathways: from periphery to cortex. The aim of this article is to summarise the anatomy of the
chemosensory pathways. The vomeronasal organ, the olfactory system, the trigeminal system and the gustatory system
will be reviewed in succession. For each of these systems, we will provide a description of the anatomy of the pathways
sending the sensory message from the peripheral receptor to the cortical areas, passing through different relays in the
nervous system. Particular emphasis will be paid to the anatomical features of the structures involved in chemosensory
perception. This will help us to understand better how these systems interact and influence our social lives, our memo-
ries and our behaviour, and to evaluate patients with chemosensory dysfunction better.

Introduction

Chemosensory perception is the
detection of chemical substances.
We describe four different chemo-
sensory systems: the vomeronasal
organ, the olfactory system, the
trigeminal system and the gusta-
tory system. These systems allow
us to interact with our environ-
ment and have a major impact on
our social behaviour.

The vomeronasal organ is
involved in the reproduction of
some animals as it detects phero-
mones. This organ is considered
to be the chemoreceptive organ

of the accessory olfactory
system.
The olfactory information

acquired by the olfactory receptor
neurons, which are the receptive
organs of the main olfactory sys-
tem, also plays a major role in our
interaction with the environment
by influencing our alimentary and
social behaviour and our memory
processes.

The trigeminal system allows
us to detect irritating and nocicep-
tive substances which enter into

contact with the mucosa of the
eyes, nose and mouth.

Finally, the sense of taste,
which also influences our feeding
habits, gives us the ability to dis-
tinguish between pleasant and
unpleasant foods and to avoid
eating inedible substances. So we
can see that, as well as directing
our relationships with our fellow
creatures and the environment, the
chemosensory systems are essen-
tial to our survival.

The purpose of this article is to
review the anatomical pathways
supporting these different systems
from the peripheral receptor to the
cortical areas.

The vomeronasal organ

The vomeronasal organ (VNO) is
located in the anterior part of the
septum.

In animals, the VNO is con-
sidered to be the chemoreceptive
organ of the accessory olfactory
system. This organ mediates
effects attributed to pheromones,
which are chemical molecules
involved in reproductive behaviour

and mammalian communications.
These molecules are produced and
secreted by one member of a
species and perceived by another
member, generating physiologi-
cal, behavioural and endocrino-
logical effects.'

In most mammals, the VNO is a
bilateral cigar-shaped structure
located in the anterior and basal
aspect of the nasal septum, anteri-
or and ventral to the main olfacto-
ry epithelium and encased in a
bony or cartilaginous capsule. The
chemosensory stimulus reaches
the VNO through a single opening
located on its rostral pole. Access
to the lumen by the stimulus may
be assisted by blood sinuses and
cavernous sinuses surrounding the
epithelium that constitute the
“vomeronasal pump”. The VNO
has a central lumen covered with
sensory epithelium containing the
vomeronasal sensory neurons
(VSNs), which extend a dendritic
end containing microvilli to the
luminal surface of the VNO.
Chemosensory transduction is
thought to take place in these
microvilli.



The sensory message is then
carried by the VSNs axons that
make up the vomeronasal nerve to
the glomeruli of the accessory
olfactory bulb, where they
synapse onto glomeruli with
mitral cells.?

In humans, this organ is inconstant
and its function is still a matter of
debate.

Its exact incidence is unclear.
Some authors have conducted
endoscopic and microscopic obser-
vations that show an organ on at
least one side of the septum in
most adults. Actually, some reports
state that the VNO is present at
least unilaterally in 90% or more
of subjects; other reports have
stated incidence rates of 25% or
less.?

In general, histological studies
state higher percentages for VNO
incidence than simple endoscopic
examinations.

In human embryos, the VNO
looks similar to the VNOs of other
species. In adults, a simplified
form is found, without large blood
vessels, cavernous sinuses and
cartilage. The VNO is a blind
diverticulum located in the septal
mucosa and opening into the nasal
cavity, about 2 cm away from the
nostril, through a depression. In
the case of VSNs in human adults,
there is a consensus in the litera-
ture that there are no obvious sen-
SOry neurons.

Nevertheless, studies using
electro-vomeronasograms record-
ing the local electrical potential in
the VNO pit region have shown
that responses secondary to a
chemical stimulation may be
obtained and accompanied by sys-
temic responses and emotional
changes.**

One may conclude that most
of the VNO complex described
in animals and responsible for

pheromone recognition is no
longer detectable at birth in
humans. The only remnant is
represented by a vomeronasal duct
located in the anterior nasal sep-
tum and this vestigial form seems
to be unrelated to any functional
aspect.

The olfactory system

The olfactory system detects
odorant molecules dissolved in air.
These molecules are trapped in the
airflow and pass into the nasal
cavity. The airflow is guided by
the nasal turbinates and allows the
odorant molecule to reach the
olfactory neuro-epithelium.

— The olfactory neuro-epithelium

The olfactory neuro-epithelium is
located in the upper part of the
nasal vault, in each nasal fossa. It
covers the cribriform plate medi-
ally to the middle turbinate and
can extend to the superior turbi-
nate, the superior part of the sep-
tum and the middle turbinate. In
adult humans, its surface area is
2.5 cm? per nasal fossa. The neuro-
epithelium contains the olfactory
receptor neurons (ORNSs) sur-
rounded by supporting cells. The
ORNs are bipolar cells. Their
dendritic extensions are directed
towards the olfactory cleft. They
have cilia that project into the
mucus, allowing contact with the
odorant molecules. The odorant
molecules reaching the olfactory
cleft with the airflow are trapped
in the mucus covering the olfac-
tory neuro-epithelium. This mucus
contains the Olfactory Binding
Proteins (OBPs), which trap the
odorants and carry them to the
ORNSs. Odorant contact with the
ORNs is the starting point for
olfactory transduction. Once fixa-
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tion and transduction have taken
place, the axons of the ORNSs
converge into the olfactory nerve
(CN 1), passing through the cribri-
form plate of the ethmoid toward
the ipsilateral olfactory bulb,
where they form synapses in the
spherical structures known as the
glomeruli.

— The olfactory bulb

The olfactory bulb is ovoid in
shape and is located in the anterior
cranial fossa, above the cribriform
plate of the ethmoid, under the
frontal lobe. It contains a major
structure that can be considered to
be the first olfactory structure: the
glomerulus. The glomerulus is the
only relay between the periphery
and the cortex. Each glomerulus
collects ORN axons from the
same type of odorant receptor.
Synapses are present in the
glomeruli between the ORN
axons and dendrites of mitral
cells. Axons of mitral cells (and
tufted cells) coalesce to form
the olfactory tract in the olfactory
sulcus located at the base of the
forebrain. Centripetal information
is secondary to neuronal activa-
tion, with glutamate as the princi-
pal neurotransmitter.

— The secondary olfactory struc-
tures

Sensory information is conducted
via the Anterior Olfactory Nucleus
(AON) and the Lateral Olfactory
Tract (LOT) to the secondary
olfactory structures.

The AON projects to the ipsi-
lateral and controlateral olfactory
bulb and to the ipsilateral and con-
trolateral pyriform cortex. There
are a lot of interconnections be-
tween these structures. The AON
could mediate the interhemispheric
communication between the olfac-
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tory bulbs. Nevertheless, the exact
role of this very complex structure
remains unknown in humans.’

The olfactory tract is divided
into three portions; the lateral, the
intermediate and the medial ones.
Intermediate and medial striae are
extremely rudimentary in humans
and have seldom been demonstrated
in dissection. The LOT conveys
olfactory information to a wide
number of brain areas within the
orbital surface of the frontal lobe
and the dorsomedial surface of the
temporal lobe. The targets of the
LOT are the pyriform cortex,
which covers the uncus, the tenia
tecta, the olfactory tubercle
(which does not exists in humans
but is thought to be replaced by
the anterior perforated space), the
entorhinal cortex, the anterior cor-
tical amygdaloid nucleus, the peri-
amygdaloid cortex, the septal
nuclei, the indusium griseum
(demonstrated in animals) and the
anterior hippocampal continuation
(demonstrated in animals). These
projections are mainly ipsilateral
but there are also contralateral
connections via the anterior com-
missure.®’

The pyriform cortex, the peri-
amygdaloid cortex and the
entorhinal cortex are often
referred to the Lateral Olfactory
Cortex’ (Figure 1).

Some of the secondary olfacto-
ry structures project to tertiary
olfactory structures. In this way,
the pyriform cortex projects, via
the axons of the pyramidal cells,
to the thalamus, the hypothala-
mus, the insular cortex, and direct-
ly to the orbito-frontal cortex. The
entorhinal cortex supplies afferent
input to the hippocampus, while
the olfactory tubercle connects to
the thalamus.

It is important to note that there
are many interactions between the
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Figure 1
Schematic diagram of the major olfactory pathways

secondary olfactory structures:
between the AON and the pyri-
form cortex, the pyriform cortex
and the olfactory tubercle, the
pyriform cortex and the entorhinal
cortex. These secondary structures
belong to the limbic system,
which is involved in emotional
and memory processes.

— The tertiary olfactory structures

The tertiary olfactory structures
are the thalamus, the hypothala-
mus, the amygdala, the hippocam-
pus, the OFC and the insular cor-
tex. The thalamus receives infor-
mation from the pyriform cortex
and the olfactory tubercle. The
hypothalamus, the OFC and the
insular cortex also receive afferent
input from the pyriform cortex,
while the hippocampus is con-
nected to the entorhinal cortex.
We should also note that there
are some interactions between
these structures. In this way, the
nuclei of the thalamus make

connections to the OFC and the
insular cortex. The OFC and the
insular cortex therefore receive
direct input from the pyriform
cortex and indirect input via the
thalamus.

There are also some tertiary
olfactory structures who are
involved in the limbic system.
These structures are the hip-
pocampus, the thalamus and the
OFC. The hippocampus plays a
role in memory processes and the
others in recognition.

— Centrifugal information

Most structures in the secondary
and tertiary cortex have numerous
centrifugal fibres leading to the
olfactory bulb. The aim of this
centrifugal innervation of the
olfactory bulb is to allow the brain
to control the incoming flow of
olfactory signals. The principal
neurotransmitters for centrifugal
information in the olfactory bulb
are GABA and acetylcholine.



— Properties of the olfactory sys-
tem

The olfactory pathways are
distributed to numerous different
brain structures which are impli-
cated in the determination of our
personal and social behaviour.
This odour perception can affect
our responses and behaviour, and
it plays a major role in our interac-
tion with the environment.

Unique properties of the
olfactory system are the ipsilater-
ality of the olfactory projections,
the conduction of odour-evoked
signals without an obligatory
thalamic relay and the intimate
overlap with limbic regions of the
brain.®

Odour processing remains ipsi-
lateral all the way from the nasal
periphery to the primary olfactory
cortex. This feature is different for
other sensory modalities such as
the visual or auditory systems
which, early in the processing
pathway, supply sensory informa-
tion to both hemispheres. This
may help the cortex to discrimi-
nate better and to make bilateral
odour comparisons and perhaps to
provide differential access to
odour memories. The absence of
an obligatory thalamic relay is
also a contrast with other sensory
modalities in which an incoming
signal undergoes thalamic modu-
lation prior to being delivered to
the sensory-specific cortex.® The
absence of thalamic sensory inte-
gration in the olfactory pathways
would seem to have an evolu-
tionary explanation.® Finally, the
close interaction between the olfac-
tory system and the limbic system
appears to be involved in the
emotional background to odorant
stimuli, our social behaviour and
the formation of novel stimulus-
reinforcer associations.®

The trigeminal system

The trigeminal system carries
somatosensory information from
the face, the scalp, the cornea, the
oral and the nasal mucosa. This
system is activated by stimuli such
as burning, cold, pain, irritation
and touch. By detecting irritating
and nociceptive substances, the
trigeminal system provides im-
mediate warnings of danger to
organism integrity, and allows us
to take adequate protective action
in response to these threats.

The trigeminal system can be
divided into two components: the
trigeminal principal nucleus sys-
tem conducting the somaesthetic
information and the trigeminal
spinal nucleus system dealing
with the nociceptive and thermal
stimuli.’ This paper will look at
the last category of stimuli.

— The first-order neuron

When nociceptive or thermic
stimuli come into contact with the
nasal mucosa, sinuses, oral cavity,
eyelids or cornea, it stimulates
free nerve endings of the trigemi-
nal nerve (CN V), initiating the
transduction of the chemosensory
information. The afferent message
will run through the sensory
branches of the CN V responsible
for the innervation of a given area.

In this way, the ophthalmic
branch (V1) carries the informa-
tion coming from the upper part of
the head. It enters the skull via the
upper orbital fissure and runs in
the wall of the cavernous sinus.
The maxillary branch (V2) trans-
mits the messages coming from
the middle third of the head,
passing through the round
foramen and running in the wall of
the cavernous sinus. The third
branch of the trigeminal nerve is
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the mandibular branch (V3),
responsible for the sensory infor-
mation of the lower third of the
head, and reaching the skull via
the oval foramen.

These different branches con-
verge to form CN V, before
reaching the Gasserian Ganglion
containing the cell bodies of the
neurons in Meckel’s cavum.

The axons of the first-order
neurons then enter the pons and go
down to the bulb via the spinal
trigeminal tract to reach the
trigeminal spinal nucleus where
they synapse with the second-
order neurons.'"

In the nose, the afferent
chemosensory innervation of the
nasal respiratory epithelium is
mainly located in the inferior
turbinate and also mediates the
perception of nasal airflow during
breathing.

The anterior and lateral por-
tions of the nasal cavity are inner-
vated by the ethmoidal nerve,
which is a division of the naso-
ciliary nerve; a branch of V1.

The posterior aspect of the
nasal cavity is innervated by the
nasopalatine nerve, a branch of
the V2 which reaches the
sphenopalatine ganglion, which is
located in the sphenopalatine
fossa.'*!"

— Second-order neuron

The second-order neurons cross to
the contralateral side and ascend,
via the trigemino-thalamic tract,
to the Ventro Postero Median
nucleus (VPMn) of the heterolat-
eral thalamus where they synapse
with cortical neurons (Figure 2).

— Third-order neuron and cortical
projections

The third-order neurons then
project to the primary somaesthetic
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Figure 2
Schematic diagram of the trigeminal system

cortex via the posterior arm of the
internal capsule.

The primary somaesthetic cor-
tex is located in the anterior of the
parietal lobe, just to the back of
the Rolando’s fissure, and will
also project to other brain areas. In
this way, it projects to the second-
ary somaesthetic cortex, which
will send the information to the
amygdala and hippocampus (which
play a major role in memory and
learning).

— Properties of the trigeminal sys-
tem

By connecting many different
brain structures, the afferent infor-
mation will lead to adequate pro-
tective responses and vegetative
changes. These responses are
mediated by the modulatory
descending systems, which origi-
nate from the somaesthetic cortex,
hypothalamus, mesocephalon peri-
aqueductal grey matter, raphe
nuclei and bulb rostro-ventral
nuclei. These modulatory de-

scending systems will initiate
complex events in these structures
and in the dorsal grey horns of the
medulla. In this way, the stimula-
tion of the trigeminal system will
influence the cardiovascular
response and the respiration rate,
and increase nasal engorgement,
the production of nasal secretion,
the epinephrine secretion, saliva-
tion, and watering of the eyes. All
these reactions are protective in
the sense that they dilute the
stimuli and prevent the ingestion
or inhalation of larger quantities.
There is also close interaction
between the olfactory system and
the trigeminal system, which may
be explained by some relationship
at the peripheral or central levels
of processing. For example, tri-
geminal nerve endings reach the
olfactory bulb" and some cortical
areas (rostral insula, middle
frontal gyrus, orbitofrontal cortex)
receive input from both chemo-
sensory systems, as demonstrated
with functional MRI."

The gustatory system

The gustatory system detects the
sapid substances contained in
food, giving us information about
the nature of the food ingested.
These data not only inform us about
the pleasantness or unpleasantness
of the food but also protect us by
distinguishing between edible and
inedible food.

— The taste buds

The peripheral taste apparatus
comprises the taste buds, which
are the gustatory sensory organ.
The taste buds are disseminated
on the surface of the tongue, the
palate, the posterior wall of the
pharynx, the epiglottis and the
upper oesophagus. They are bulb-
shaped structures, containing
between 50 and 120 bipolar cells.
Their apical surface contains
microvilli bathing in saliva in
which tastant molecules are dis-
solved and transported to the taste
buds.

The lingual taste buds are located
on gustatory papillae. We can
distinguish two kinds of papillae:
the gustatory and non-gustatory
papillae. The gustatory papillae
are the circumvallate (or calici-
form), the foliate and the fungi-
form papillae; the non-gustatory
papillae are the filiform and coni-
cal papillae. The circumvallate
papillae are located anteriorly to
the sulcus terminalis and form a V-
shaped line across the base of the
tongue. They are innervated by the
glossopharyngeal nerve (CN IX).
The foliate papillae are situated
bilaterally along the posterolateral
margins of the tongue surface.
They are innervated by the
glossopharyngeal nerve and the
chorda tympani in the more ante-
rior portion (CN VII). Finally, the
fungiform papillae are found in



the anterior portion of the tongue
and are innervated by the chorda
tympani (CN VII).

There are also extralingual taste
buds, which are disseminated
throughout the palate, pharynx
and larynx. Some evidence exists
that they are functionally different
from the lingual taste buds. The
taste buds from the epiglottis and
pharynx could mediate physio-
logical reactions, such as insulin
secretion and the nausea reflex.'

— The first neuron

Once the tastants reach the recep-
tor and after sensory transduction,
the sensory message is transmitted,
depending on the site of the stimu-
lation, by the chorda tympani (to
the facial nerve (CN VII)), the
glossopharyngeal nerve (CN IX)
and the vagus nerve (CN X).'*!¢

— The facial nerve

The gustatory sensory fibres of the
facial nerve carry the information
from the anterior two thirds of the
tongue (fungiform papillae and
anterior portion of the foliate
papillae) and the soft palate.

The neurons innervating the two
anterior third of the tongue run
initially in the lingual nerve, which
is a branch of the mandibular
nerve (CN V3). Then these fibres
separate from the lingual nerve to
form the chorda tympani (CT).
The CT runs across the upper part
of the infra-temporal fossa and
reaches the petrotympanic fissure,
where it enters the skull. It passes
through the middle ear, between
the neck of the malleus and the
long crus of the incus before
reaching the posterior wall of the
tympanic cavity, where it passes
through a small canal which leads
to the facial canal. In this canal the
CT joins the facial nerve.

The taste buds located on the
soft palate are innervated by the
greater petrosal nerve, a branch of
the facial nerve. The sensory mes-
sage is carried from the palate to
this nerve via the palatine branches
of the maxillary nerve (V2). The
cell bodies of both the CT and the
greater petrosal nerve fibres are
located in the geniculate ganglion.

The central extensions coming
from this ganglion pass through
the intermediate nerve branch of
the facial nerve (CN VII bis) on
the way to the rostral part of the
nucleus of the solitary tract.

— The glossopharyngeal nerve

The sensory innervation of the
posterior third (foliate and circum-
vallate papillae) of the tongue is
provided by the glossopharyngeal
nerve.

Its peripheral extension runs
through the parapharyngeal space
before crossing the poststyloid
space, where it runs behind the
internal carotid artery and the
internal jugular vein. The cell
bodies of these first-order neurons
are located in the inferior glosso-
pharyngeal ganglion, which is
located near the jugular foramen.

The central extensions cross the
jugular foramen, accompanied by
fibres of the vagus nerve and
spinal nerve, and reach the nucleus
of the solitary tract, caudally to
the ending of the CN VII and ros-
trally to the ending of the CN X.

— The vagus nerve

The vagus nerve (CN X) carries
the sensory information from the
taste buds located on the laryngeal
surface of the epiglottis, the pos-
terior pharyngeal wall and the
proximal part of the oesophagus.
The afferent sensory message
runs through the superior laryn-
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geal branch of the CN X, which
reaches the CN X in the sterno-
cleido-mastoidian area. The CN X
then goes up vertically, in the
angle formed by the internal
carotid artery and the internal
jugular vein, and passes through
the jugular foramen between the
CN IX and the CN XI to enter the
skull. The cell bodies of these
first-order neurons are grouped in
the inferior vagal ganglion, exter-
nal to the jugular foramen.
Finally, the central extensions
reach the more caudal part of the
nucleus of the solitary tract.

— The second-order neurons

The axons of the first-order gusta-
tory neurons terminate in the
nucleus of the solitary tract in
the medulla to synapse with the
second-order gustatory neurons.

These second-order neurons
project to the Ventro Postero
Medial nucleus of the thalamus
(VPMn) via the central tegmental
tract (Figure 3).

— The third-order neurons and
cortical projections

The synapse between the second-
order neurons and the third-order
neurons is located in the VPMs of
the thalamus. The third-order neu-
rons then project to the primary
taste cortex. The primary taste
cortex is located in the frontal and
parietal lobe, exactly in the frontal
operculum and adjoining insula.

This primary cortex then
projects to the latero-caudal
orbito-frontal cortex and the

amygdala with some links to the
hypothalamus.

In the OFC, the neurons
respond to various stimuli such as
visual, somaesthetic, gustatory
and olfactory stimuli. The OFC
could be involved in alimentary
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Figure 3
Schematic diagram of the gustatory system

motivation. Furthermore, indirect
and reciprocal projections exist
between the nucleus of the solitary
tract and the amygdala and the
hypothalamus. The projections
could influence appetite and the
feeling of satiety.'®

The gustatory pathways there-
fore play a major role in our ali-
mentary activity by controlling
alimentary motivation but also by
allowing us to detect and reject
toxic substances. Moreover, the
activation of these pathways will
lead to vegetative changes, pre-
paring us to assimilate the food
ingested.

Conclusion

This paper has provided an
overview of central chemosensory
processing in the human brain and
should serve to enhance the under-
standing of the pathways from the
periphery to cortical projections.
The central organisation of the
chemosensory pathways is com-
plex and interacting. Knowledge

about the functional organisation
of chemosensory perception in
healthy subjects will help clini-
cians to make a better evaluation
of dysfunction in patients.
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