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Abstract Objectives: The review outlines characteristics
of the intranasal trigeminal chemosensory system. In
addition, it provides selective comparisons of the trigeminal and olfactory systems, the two of which interact at
multiple levels. Results and Conclusions: This interaction
between the trigeminal and olfactory systems is an
important determinant of sensations of odor. Further, it
appears to change as a result of aging and disease. Thus,
the interaction between the olfactory and trigeminal
systems is not straightforward and may be diﬃcult to
predict, but it has a powerful inﬂuence on the perception
of odors.
Keywords Irritation Æ Chemosensory Æ
Electrophysiology Æ Human Æ Psychophysiology

assumed to possess no trigeminal activity at the undiluted
concentrations that were used. In contrast, only one
stimulant, carbon dioxide (CO2), has been found to
activate selectively the trigeminal nerve with little or no
concomitant olfactory stimulation [12, 33, 70].
It is interesting that while both systems contribute to
overall sensory experience, they appear to have evolved
for diﬀerent purposes. The primary function of the
intranasal trigeminal system is to act as a sentinel of the
airways where they reﬂexively stop inspiration to prevent inhalation of potentially life-threatening substances
[97]. This reﬂex is so well developed that it is used to
investigate intranasal chemosensory mechanisms [37, 48,
65]. In contrast, it has been suggested that olfaction may
act as a non-verbal retrieval mechanism for the memory
of a particular situation and the emotional response
associated it [69].

Introduction
What is commonly known as the sense of smell is, in fact,
composed of multiple sensations, predominantly mediated by two independent neural systems, the olfactory
and somatosensory (trigeminal) systems. Few chemosensory stimulants produce exclusively olfactory, or
trigeminal sensations (i.e., stinging, burning, or pungent), the vast majority possessing characteristics of both
odor and irritation. A review of 47 odorants [29] revealed
that only two stimuli, vanillin and decanoic acid, could
not be detected by anosmic individuals, and were
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Basic anatomy and physiology of the intranasal
trigeminal system
The nasal cavity is innervated by the ophthalmic and
maxillary branches of the trigeminal nerve [79].
Branches of the ophthalmic nerve (anterior ethmoidal
nerve, infraorbital nerve) innervate the anterior portion
of the nasal cavity. The posterior part of the nasal
cavity is innervated by ﬁbers of the maxillary branch
(posterior superior medial nasal nerve, nasopalatine
nerve). Psychophysical [113] and electrophysiological
data [58] indicate that an area of increased trigeminal
chemosensitivity might be found at the anterior third of
the nasal cavity.
Through diﬀerent receptive structures, trigeminal
aﬀerents mediate sensations of touch, pressure, temperature, and nociception [64, 96]. In terms of chemical
stimulation it appears to be especially important that
nociceptors innervating the mucosa, unlike those in the
skin, are not covered by squamous epithelium, giving
chemical stimuli almost direct access to the free nerve
endings [32]. Thus, chemical stimulation appears to
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activate several receptor types. For example, gaseous
CO2 produces stinging and/or burning sensations when
applied to the mucosae of the nose or eye [24]. Stinging
sensations are likely to be mediated by Adelta ﬁbers,
whereas burning sensations are largely mediated by C
ﬁbers [85, 99, 111]. In terms of receptive mechanisms,
gaseous CO2 appears to activate chemosensory nociceptive aﬀerents (C ﬁbers, Adelta ﬁbers) by the intracellular accumulation of protons [75, 103]. This increases a
cation membrane conductance [8, 76] with slow desensitization [102]. Some of these channels are also activated by capsaicin, the hot ingredient in chili peppers [9,
19, 101]. The nociceptive speciﬁcity of CO2 has been
demonstrated in experimental animals pre-treated with
capsaicin which selectively destroys nociceptive aﬀerents
(compare [98]). Nociceptive responses to CO2 were
strongly diminished when compared with untreated
controls [110]. In addition, CO2 does not seem to induce
activity in mechanosensory Adelta- or Abeta ﬁbers [102];
also, aﬀerents activated by CO2 do not respond to speciﬁc olfactory stimulants such as hydrogen sulﬁde [54,
95].
Recently, a capsaicin-gated channel has been found in
small-to-medium diameter sensory aﬀerents of trigeminal and dorsal root ganglia [16, 17]. This receptor is
termed vanilloid receptor 1 (VR1), which is also activated
by protons and noxious heat. Other speciﬁc mechanisms
of nociceptor activation include the acid-sensing ion
channel [82]. In addition, there is evidence that diﬀerent
nicotine enantiomers activate trigeminal aﬀerents in a
stereoselective manner [95] (see also [2]). Thus, it appears
as if the ‘‘common chemical sense’’ [90] may allow discrimination between more chemical stimulants than has
previously been assumed [80].
Recently, both electrophysiological and psychophysical measures have been used to investigate eﬀects of
chronic exposure to the chemosensory irritant acetic acid
[51]. In a long-term adaptation protocol, subjects were
exposed to acetic acid vapor in their home environment.
Results indicated an eﬀect from exposure to acetic acid,
both at the receptor level and centrally. In contrast, responses to acetone showed little change over the course
of long-term exposure to acetic acid. Thus, these data
suggest that the responsiveness of the trigeminal system
can be speciﬁcally desensitized, indicating the presence of
speciﬁc receptive structures in the trigeminal system.
Cell bodies of trigeminal aﬀerents lie in the gasserian
ganglion. The axons project to the subnuclei of the
trigeminal sensory nucleus, the spinal, principal and
mesencephalic trigeminal nuclei extending from the
rostral spinal cord to the midbrain. Nociceptive aﬀerents
descend in the trigeminal tract and terminate in the
spinal nucleus. Chemosensory ﬁbers from the nasal
cavity have been shown to project to spinal nuclei, e.g.,
the subnucleus caudalis, and subnucleus interpolaris [3,
4]. Trigeminal information is relayed to the amygdala
via the lateral parabrachial complex [7]. Neurons of the
spinal nucleus project to the ventral posterior medial,
intralaminar, and mediodorsal nuclei of the thalamus.

Most ascending ﬁbers cross to the contralateral side;
however, in a way similar to the olfactory system [28],
some ﬁbers also ascend ipsilaterally [6]. From the thalamus ﬁbers project to the primary somatosensory cortex. In addition, there is convincing evidence that
trigeminal stimulation produces activation of the secondary somatosensory cortex [20, 61]. Finally, trigeminal activation leads to activity in the insular cortex [68]
and the ventral orbital cortex [60, 100], with stronger
right-sided activity following bilateral stimulation [43,
60]. These areas have also been shown to be involved in
the processing of olfactory information, and, similarly,
research indicates that the right hemisphere is involved
to a larger degree in the processing of information about
odors [56, 63, 89, 117, 118].

Consequences of the activation
of different receptor types
While overall intensity ratings increase when stimuli are
applied at intervals of fewer than 3 s [52], C ﬁbers and
Adelta ﬁbers respond diﬀerently to repeated chemical
stimulation. This increase is typically accompanied by
the buildup of a dull and burning painful sensation
characteristic of C-ﬁber stimulation [91]. However, the
intensity of stinging sensations (mediated by Adelta
ﬁbers) decreases as a function of decreasing interstimulus interval [52]. The increase of burning sensations at
short interstimulus intervals is not the eﬀect of increased
ﬁring rates of C ﬁbers [111]. In fact, at small interstimulus intervals, conduction velocity in human C ﬁbers
slows down and may even fail at intervals shorter than
1 s [94]. In contrast, responses in dorsal horn neurons
increase in response to repetitive stimulation of C ﬁbers
when the interstimulus interval becomes smaller than 3 s
[41]. Thus, the ‘‘wind-up’’ of painful sensations after
repetitive stimulation may be due to central nervous
summation of the input produced by stimulation of Cﬁber aﬀerents. That is, while sensations are critically
dependent on temporal summation, central nervous
summation phenomena occur despite the partial suppression of aﬀerent activity. In contrast, no such summation has been reported for stinging painful sensations
[1, 96]. Both peripheral adaptation and/or central habituation may eventually lead to the decrease in stinging
after repetitive stimulation [40, 92].

Perceptual characteristics – thresholds
The nasal trigeminal system has been found to be less
sensitive than the olfactory system (for review see [36]).
As the vast majority of chemosensory stimuli activate
both the olfactory and trigeminal systems, it is diﬃcult
to identify their separate contributions. To overcome
this many studies have concentrated on anosmic subjects
with no olfactory function. Cometto-Muñiz et al. [22]
investigated thresholds for a range of homologous
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alcohols, acetates, ketones and alkylbenzenes. Odor
thresholds (measured in normosmic subjects) were found
to be from 1.6 to 5.2 orders of magnitude lower than
pungency thresholds (measured in anosmic individuals).
Further, this diﬀerence was found to increase with carbon chain length. These ﬁndings are supported by a
study in pigeons with lesioned olfactory nerves [115].
Thresholds of lesioned birds, presumably based on
trigeminal stimulation, were found to be a half-log to
2.5-log units higher than non-lesioned animals.
A number of studies have investigated thresholds for
stimulation with CO2, which has little or no odor. Using
an air ﬂow of 5.1 l/min and a stimulus duration of 2 s,
Anton et al. [5] found the mean recognition thresholds at
47% v/v CO2. Our own work [73] has revealed that at an
air ﬂow of 8 l/min and a stimulus duration of 200 ms,
mean recognition thresholds for slightly stinging sensations were at 32% v/v CO2. It is interesting to note that
the CO2 stimuli could be distinguished from blank
stimuli at much lower concentrations (23% v/v, established by means of the presentation of ascending concentrations). These pre-pain sensations may be due to
low-level excitation of nociceptors [39].
Thresholds for CO2-induced pain decrease in relation
to the stimulus duration [84]. Interestingly, thresholds
determined in that study were found at higher concentrations than previously reported [73]. As subjects were
asked in this study [84] to report the occurrence of
‘‘painful’’ sensations, as opposed to ‘‘stinging’’ in the
previous study [73]), the observed diﬀerences were interpreted in relation to the instruction presented to the
subjects (compare [39]).
Another important question concerns the smallest
possible concentration diﬀerence that can be discriminated, the so-called ‘‘just noticeable diﬀerences’’ (JNDs).
Using a stimulus duration of 200 ms (50% v/v CO2)
studies have shown that a diﬀerence of 2% v/v CO2
produced signiﬁcantly diﬀerent intensity ratings [84]. It
has been demonstrated that JNDs depend on both
stimulus concentration and duration. This study investigated JNDs in 12 subjects at stimulus concentrations of
50%, 60%, and 70% v/v CO2, each concentration at
stimulus durations of 200, 400, 800, and 1,600 ms. At a
stimulus concentration of 50% v/v and a stimulus duration of 200 ms, JNDs were 1.9%±0.9% v/v CO2. For
stimuli of the same concentration but at 1,600-ms duration, JNDs were 3.1%±2.6% v/v CO2. The highest
JNDs of 5.5%±2% v/v were observed for stimuli of
70% v/v at 1,600-ms duration. Similarly, electrophysiological recordings from the respiratory epithelium have
demonstrated that it is possible to discriminate stimuli
presented at concentration steps = 3% v/v [109].

Perceptual characteristics – intensity
Increases in perceived intensity with rising concentration
occur more rapidly for strong trigeminal stimulants than
for odor stimuli [12, 15, 25, 26]. Furthermore, the

intensity of a strong trigeminal stimulant, ammonia, was
shown to sum, or build up, during the course of an inhalation. In contrast, the primarily olfactory stimulus,
isoamyl butyrate showed no signs of temporal summation [21].
The two systems make separate contributions to the
perceived intensity of a complex stimulus. The intensity
of the odor component of binary mixtures appears to be
hypoadditive, indicating that the perceived intensity of a
mixture is less than the sum of its components. In contrast, the trigeminal component may be additive, or even
hyperadditive [26].
Using a stimulus duration of 200 ms and a 58%
concentration of CO2, Hummel and Kobal [53] showed
that a 40-s inter-stimulus interval was necessary and
suﬃcient to obtain reliable chemosensory event-related
potentials CSERPs and perceptual ratings free from
adaptation eﬀects. While shorter intervals resulted in
reduced ratings, longer intervals did not produce less
adaptation. Kobal [70] obtained similar results with the
mixed olfactory–trigeminal stimulant eucalyptol. Thus,
an interval of approximately 40 s appears to be necessary to allow suﬃcient recovery of both systems.
Lötsch et al. [84] explored the relationship between
concentration, stimulus duration and intensity systematically for CO2. Sixteen diﬀerent concentrations, ranging from 40% to 70%, were applied using four diﬀerent
stimulus durations, 200, 400, 600 and 1,600 ms, with a
30-s inter-stimulus interval. Participants received two
sessions separated by 24 h. Pain ratings increased signiﬁcantly with concentration. Interestingly, while intensity ratings did not increase with stimulus duration they
became less variable. The test–retest variability of ratings was signiﬁcantly higher, and hence repeatability
lower with the 200-ms stimulus than with the 400 or 800ms presentations, with 400 ms having the lowest
variability. These results were paralleled by those for
stimulus adaptation, with a signiﬁcant degree of adaptation for the 200-ms stimulus but no evidence of
adaptation at 400 or 800 ms. As the authors concluded,
this implies that 400-ms presentations will give more
reliable results with a lower sample size.
A similar study has been carried out using the pure
olfactory stimulus vanillin [108]. Four diﬀerent concentrations were presented, ranging from 7% to 84% v/v
with a 200-ms stimulus duration and 40-s inter-stimulus
interval. In addition to perceptual ratings, olfactory
event-related potentials (ERPs) were recorded. Peak-topeak olfactory ERP amplitudes increased, and latencies
decreased, with concentration. Similarly, intensity ratings
increased with stimulus concentration. While there was a
signiﬁcant decrease in sensitivity over the session, this was
notably for the two lower concentrations, and took the
form of a decrease from the ﬁrst two of 16 presentations.
Due to the diﬀerent stimulus durations and inter-stimulus
intervals, it is diﬃcult to compare the two studies, although a couple of comparisons may be made.
At the 200-ms stimulus duration, adaptation seems to
be equivalent for the two systems. When compared with
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a standard high-intensity stimulus presented at the
beginning of the session, overall ratings dropped to
approximately 80% over the whole session.
Secondly, as both studies used a 200-ms inter-stimulus
interval and magnitude estimation, it is possible to
compare the increase in perceived intensity with concentration for both stimuli and thus diﬀerences in
response characteristics for the two neural systems. Of
course, it needs to be kept in mind that, while CO2 and
vanillin activate the two systems in isolation, within both
systems diﬀerent stimuli may have diﬀerent response
characteristics. As would be expected on the basis of
previous studies, the perceived intensity of the trigeminal
stimulant increases much more sharply than that for the
olfactory stimulant. For vanillin, in order to increase
perceived intensity 50%, from 50 to 100 estimation units,
it was necessary to increase the stimulus concentration
presented by approximately 45%, while for CO2 a similar
intensity increase was obtained with only a 12% increase
in concentration, equivalent to a ratio of 3.75:1.

tensity of odor, burning and stinging on diﬀerent trials
(stimuli of 200-ms duration with an inter-stimulus interval of 2 min). Odor sensation appeared relatively
quickly after stimulus onset, followed by stinging. These
stimuli reached a maximum after 3 and 4.6 s, respectively, and then faded. In contrast, burning did not even
commence until 5 s after stimulus onset and did not end
until 20 s later. This striking diﬀerence in stimulus time
course between systems and even within each system
indicates a level of complexity and interaction even
within a single stimulus, let alone between diﬀerent
stimuli, that needs careful consideration.
These diﬀering relationships, in terms of thresholds,
adaptation rates, and temporal and spatial characteristics, have important implications for the perception of
the vast majority of chemosensory stimuli which stimulate both systems, and also for the perception of
complex stimuli containing multiple active chemicals.

Relation to gender
Spatial summation
Chemical stimuli are perceived as being approximately
33% more intense when inhaled through two nostrils (dirhinal) rather than one (mono-rhinal). Cain [13] showed
this with the mixed trigeminal-olfactory stimulus n-butyl
alcohol and Garcia Medina and Cain [34] with the
trigeminal stimulant CO2. As di-rhinal stimulation
involves activation of both epithelia, this may be seen as
an example of spatial summation. The authors suggest, as
the summation was only partial (i.e., di-rhinal intensity
was less than twice as strong), an interaction in the form
of masking, or suppression between the two nostrils.

Electrophysiological data indicate that healthy female
subjects are more sensitive to trigeminal stimulants than
male, i.e., women exhibit larger ERP amplitudes than
men [50, 57]. Dunn et al. reported that thresholds for
trigeminally induced apnea are lower in female subjects
than in male [30]. These diﬀerences in chemosensory
trigeminal sensitivity appear to be analogous to the
olfactory system, where women typically outperform
men in diﬀerent aspects of olfactory function, e.g., odor
identiﬁcation, discrimination, and detection [14, 27, 59,
74].

Effects of aging
Temporal summation
Kobal [70] found that the intensity of the pure olfactory
stimulant hydrogen sulﬁde (H2S) and the mixed stimulus
linalool continued to increase with stimulus duration
(i.e., showed temporal summation) up to and beyond
1,200 ms. Similarly, almost perfect temporal summation
has been found for the mixed stimulus ammonia over
durations of up to 4 s [21]. For example, a given stimulus of 4 s was perceived to be twice as strong as a
stimulus of 2-s duration. In contrast to Kobal, the authors reported that, while temporal summation occurs
over much shorter intervals for olfaction, trigeminal
sensation builds over much longer periods and makes a
much larger contribution to the overall perceived intensity of a mixed stimulus over time.
Hummel et al. [55] examined the diﬀering temporal
characteristics of the two systems using the mixed
stimulant nicotine. In addition to odor, nicotine produces two diﬀerent trigeminal sensations, burning and
stinging, mediated by diﬀerent ﬁber systems, i.e., the
Adelta- and the C-ﬁber systems. Subjects rated the in-

Compared with the olfactory system, considerably fewer
data are available regarding age-related changes of
trigeminal chemoreception. Elevated thresholds to
trigeminal stimuli (e.g., menthol) were reported in
elderly subjects [86, 87]; in addition, a steeper slope of
the intensity function was found for younger adults.
Stevens et al. [105] found an age-related decrease in the
perceived intensity of CO2, and Stevens and Cain [104]
reported a strong age-related elevation of the threshold
for transitory apnea in response to CO2. As mentioned
above, this age-related loss of trigeminal function is also
seen in ERP studies [50]. Interestingly, the cross-sectional results could also be conﬁrmed, at least in part, by
individual data obtained in a single subject where
trigeminal ERPs were recorded over a period of 10
years. Here an intra-individual decrease of response
amplitudes to CO2 stimuli occurred between the ages of
28 and 38 years.
Similar age-related changes have been reported for
other nociceptive, pain-related processes. Speciﬁcally,
responsiveness of Adelta ﬁbers to nociceptive heat stimuli
appears to decrease in relation to age while C ﬁber
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function seems to be largely unaﬀected [18, 44]. These
functional observations are also conﬁrmed on a histological level where the number of myelinated ﬁbers (A
ﬁbers) appears to decrease with increasing age [67, 88].
Translating all this into intranasal trigeminal function of
chemosensors, this would result in decreased stinging
sensations (Adelta ﬁbers) while the perception of burning
sensations (C ﬁbers) would remain mostly unchanged.
These observations relate closely to changes found for
ERPs to intranasal trigeminal stimuli which are mostly
due to the activation of Adelta ﬁbers [45, 52]. Overall, this
indicates that the trigeminal chemoreceptive system exhibits an age-related functional decrease, aspects of
which appear to be similar to those of the olfactory
system.

Olfactory–trigeminal interactions
The interaction between the olfactory and trigeminal
systems has been shown to inﬂuence not only the quality
of single odorants, but also the type and direction of
interactions between odorants in mixtures. Before interactions between odorants can be understood, it is
important to isolate the eﬀect of odor from that of irritation, and then to look at the way in which they
combine to produce a percept of the stimulus.
Trigeminal activation has been shown to inﬂuence the
perception of both single odorants and mixtures (e.g.,
[12, 26, 71]). As mentioned above, research in the area is
complicated by the fact that at suﬃciently high concentrations most odors themselves produce trigeminally
mediated sensations, such as cooling and pain [12, 31].
In an experiment by Cain [12], in which subjects rated
pungency and odor of the stimulant butanol, the contribution of the odor component to overall sensation
actually decreased with concentration, while irritation
increased. Similarly, while irritation was found to contribute little to total sensation at low concentrations, its
contribution increased disproportionately with concentration. In a later experiment it was found that the suppression observed between the two systems was mutual
[15]. Participants received four concentrations each of
CO2 and amyl butyrate (a mixed olfactory and trigeminal
stimulus) and their 16 binary mixtures. They were required to rate overall intensity, the intensity of odor and
that of irritation. It was found that the odor of amyl
butyrate was suppressed by CO2 and that irritation was
suppressed by some concentrations of amyl butyrate.
These suppressive eﬀects were found to occur regardless
of whether the mixture was presented simultaneously to
both nostrils or if a diﬀerent odor was presented to each
nostril, suggesting that the suppression was centrally
mediated. Using mixed stimuli and a similar stimulation
technique Laing and Willcox [78] found that the location
of suppression, central or peripheral, varies and is dependent on the quality of the stimuli. However, it should
be noted that it is diﬃcult to interpret these interactions
as occurring purely between the olfactory and trigeminal

Fig. 1. Intensity ratings (means, n=10) in response to stimulation
with diﬀerent concentrations of nicotine, separately for odor,
burning, and stinging. When the highest concentration was
presented stinging and burning increased signiﬁcantly, but odor
actually decreased (data from [55])

systems as, amyl butyrate being a mixed stimulus, interactions may have also occurred at the level of the
trigeminal system. This is particularly the case at high
concentrations of n-amyl butyrate where suppression of
CO2 was observed. Therefore, when investigating these
eﬀects it is desirable to use stimuli that activate each
system in isolation. Such a study was performed by
Kobal and Hummel [71]. When presented in binary
mixtures, the trigeminal stimulant CO2 was found to
suppress the intensity of olfactory sensations produced
by vanillin.
In an eﬀort to assess systematically the role of olfactory–trigeminal interactions in odor perception we
performed two studies, looking at interactions both
within a single stimulus and between diﬀerent chemosensory stimuli. In one study discussed above [55] we
examined the contribution of odor, stinging, and burning to the perception of three diﬀerent concentrations of
the mixed stimulant nicotine (Fig. 1). At the lowest
concentration the olfactory sensation predominated,
with little trigeminal activation. The medium concentration produced an increase in odor and also in burning. However, when the highest concentration was
presented stinging and burning increased signiﬁcantly,
but odor actually decreased. This suggests that there was
suppression of the odor sensation by the trigeminal
system at the strongest nicotine concentration – as has
been suggested by Cain and Murphy [15]. These results
were also reﬂected in the distribution of CSERPs which,
at the lowest concentration, reﬂected an ‘‘olfactory’’
pattern, while at the highest concentration amplitudes
reﬂected a ‘‘trigeminal’’ distribution of amplitudes.
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In a later experiment [83] we examined the interaction
between the two neural systems by selecting three stimuli
designed to activate either the nasal trigeminal system
(CO2), the olfactory system (H2S), or both systems
(carvone). Subjects rated the intensity of each stimulus
quality when presented either alone or in binary mixtures. While there were no intensity diﬀerences between
the three stimuli presented alone, an interesting pattern
was found among the binary mixtures (Fig. 2). The intensity of the pure olfactory stimulus, H2S, was suppressed in mixtures with both the trigeminal stimulant
CO2 and more strongly by the mixed stimulus carvone.
In contrast, when CO2 was mixed with carvone the intensity of CO2 was suppressed, while that of carvone was
actually enhanced in the same mixture. These results
reﬂect not only a ‘‘dominance’’ of trigeminal sensation
over olfactory sensation, as reported previously, but also
a dominance of mixed stimulation over either system
alone. The authors suggested that this might reﬂect a
superior memory trace for the mixed stimulus, which is
encoded into both systems, giving more pathways for
retrieval and reducing the possibility of interference.
However, the results could also reﬂect patterns of neural
suppression that have been shown to occur at both the
periphery or in the olfactory bulb (see below).
Thus, the interaction between the olfactory and
trigeminal systems is not straightforward, and may be
diﬃcult to predict, but has a powerful inﬂuence on odor
perception both at diﬀerent concentrations of a single
stimulus and between diﬀerent chemosensory stimuli.
This pattern of interaction depends on stimulus quality,
stimulus intensity and the relative intensity of olfactory
and trigeminal components.

Sites of interaction between trigeminal
and olfactory activation
At least four possible mechanisms have been identiﬁed
by which trigeminal activity may inﬂuence olfactory
processing (for review see [97]). Firstly, the systems interact centrally. For example, blocking of the trigeminal
system facilitates odor-evoked activity in the mediodorsal thalamus of the rat [62].
Secondly, the trigeminal system may modulate the
activity of the olfactory bulb both in the presence and
absence of odor stimulation. Blocking of the nerve at the
gasserian ganglion with lidocaine decreased background
activity in the rabbit’s olfactory bulb and increased the
signal-to-noise ratio of odor-evoked responses [106, 107].
Thirdly, electrophysiological studies indicate that
olfactory receptor responses to chemical stimuli can be
modiﬁed through the release of substance P (SP) and
possibly other peptides [47, 81, 93] from trigeminal
ﬁbers innervating the olfactory epithelium [32, 77].
Application of SP to the olfactory epithelium induces
transepithelial and single-cell responses that resemble
odor-evoked activity, that is, an increase in excitation
[10, 11, 35]. Furthermore, electrical stimulation of the

Fig. 2. Intensity ratings (means, n=30) in response to the
individual stimuli CO2, H2S, or carvone (carv), and their binary
mixtures. The intensity of H2S was suppressed in mixtures with
both CO2 and carvone. In contrast, when CO2 was mixed with
carvone the intensity of CO2 was suppressed, while that of carvone
was enhanced (data from [83])

ophthalmic branch of the frog equivalent of the trigeminal nerve (NV-ob) resulted in increased spontaneous
receptor ﬁring, modiﬁed mass neuronal activity in the
mucosa, and reduced amplitude of both the electro-olfactogram and single unit responses to the odorant isoamyl acetate. Topical application of SP was also found
to modify receptor responses to the odorant [11].
Lastly, trigeminal activation may inﬂuence olfactory
perception indirectly via nasal trigeminal reﬂexes
designed to minimize potentially damaging exposure to
noxious substances. This can occur, for example, by
alteration of nasal patency and respiration, or changing
the constitution and consistency of the mucus layer
covering the epithelium as a result of stimulation of
glands and secretory cells [32]. Therefore, in addition to
direct alteration of receptor cell activity, the release of
peptides from trigeminal ﬁbers in the epithelium may
inﬂuence receptor responses to odorants by changing the
physical conditions in the receptor environment.

Consequences of olfactory loss
There are few reports on olfactory modulation of
trigeminally mediated sensations. Walker and Jennings
[114] reported an increase of nasal irritation thresholds
for acetic acid, propionic acid, and amyl acetate in
anosmic subjects. Similar ﬁndings had already been
obtained in experimental animals [46, 115]. Research
also indicates that olfactory activation increases sensitivity to trigeminally mediated stimuli [71, 83]. This has
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been shown on an electrophysiological level where patients with anosmia exhibit smaller responses to trigeminal ERPs [49]. On a behavioral level, respiratory
reﬂexes to intranasal trigeminal stimuli are found to be
signiﬁcantly faster and stronger in normosmic individuals than in anosmic subjects [66]. Psychophysical
measures of trigeminal function also indicated decreased
sensitivity in anosmic patients [38, 116]. And ﬁnally,
clinical observations [72, 112] indicate that olfactory loss
is frequently accompanied by a decreased responsiveness
to trigeminal stimulation. However, these changes of
trigeminal sensitivity in relation to olfactory activation
are still a matter of debate, as other studies suggest that
olfactory dysfunction has little eﬀect on trigeminal
sensitivity (e.g., [23]). For example, zinc sulfate (ZnSO4)induced anosmia in mice had no inﬂuence on irritationinduced respiration changes [42].

Conclusions
In this review we have attempted to outline characteristics of the intranasal trigeminal chemosensory system. In
addition, we have selectively compared and contrasted
the trigeminal with the olfactory system, the two of which
interact at multiple levels. This interaction is an important determinant of odorous sensations. Further, it
changes as a result of aging and disease. Thus, the interaction between the olfactory and trigeminal systems is
not straightforward and may be diﬃcult to predict, but it
has a powerful inﬂuence on the perception of odors.
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49. Hummel T, Barz S, Lötsch J, Roscher S, Kettenmann B,
Kobal G (1996) Loss of olfactory function leads to a decrease
of trigeminal sensitivity. Chem Senses 21:75–79
50. Hummel T, Barz S, Pauli E, Kobal G (1998) Chemosensory
event-related potentials change as a function of age. Electroencephalogr Clin Neurophysiol 108:208–217
51. Hummel T, Dalton P, Dilks DD (1999) Eﬀects of exposure to
irritants. Soc Neurosci Abstr 25:2187
52. Hummel T, Gruber M, Pauli E, Kobal G (1994) Event-related
potentials in response to repetitive painful stimulation. Electroencephalogr Clin Neurophysiol 92:426–432
53. Hummel T, Kobal G (1999) Chemosensory event-related
potentials to trigeminal stimuli change in relation to the interval between repetitive stimulation of the nasal mucosa. Eur
Arch Otorhinolaryngol 256:16–21
54. Hummel T, Kraetsch H-G, Pauli E, Kobal G (1998) Responses to nasal irritation obtained from the human nasal
mucosa. Rhinology 36:168–172
55. Hummel T, Livermore A, Hummel C, Kobal G (1992)
Chemosensory event-related potentials in man: relation to

56.
57.

58.

59.

60.

61.

62.

63.
64.
65.
66.

67.
68.

69.
70.
71.

72.
73.

74.
75.
76.

olfactory and painful sensations elicited by nicotine. Electroencephalogr Clin Neurophysiol 84:192–195
Hummel T, Pauli E, Stefan H, Kettenmann B, Schüler P,
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