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Sniffing and smelling:
separate subsystems
in the human olfactory cortex
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The sensation and perception of smell (olfaction) are largely
dependent on sniffing, which is an active stage of stimulus
transport and therefore an integral component of mammalian
olfaction'?. Electrophysiological data obtained from study of the
hedgehog, rat, rabbit, dog and monkey indicate that sniffing
(whether or not an odorant is present) induces an oscillation of
activity in the olfactory bulb, driving the piriform cortex in the
temporal lobe, in other words, the piriform is driven by the
olfactory bulb at the frequency of sniffing’. Here we use func-
tional magnetic resonance imaging (fMRI) that is dependent on
the level of oxygen in the blood to determine whether sniffing can
induce activation in the piriform of humans, and whether this
activation can be differentiated from activation induced by an
odorant. We find that sniffing, whether odorant is present or
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absent, induces activation primarily in the piriform cortex of the
temporal lobe and in the medial and posterior orbito-frontal gyri
of the frontal lobe. The source of the sniff-induced activation is
the somatosensory stimulation that is induced by air flow through
the nostrils. In contrast, a smell, regardless of sniffing, induces
activation mainly in the lateral and anterior orbito-frontal gyri of
the frontal lobe. The dissociation between regions activated by
olfactory exploration (sniffing) and regions activated by olfactory
content (smell) shows a distinction in brain organization in terms
of human olfaction.

The brains of six subjects were scanned in an experiment that
contrasted the sniffing of non-odorized clean air with lack of
sniffing. Sniffing induced activation primarily in the ventral tem-
poral region (piriform, entorhinal and parahippocampal regions)
and also in a small portion of the posterior and medial orbito-
frontal cortex in all six subjects (Fig. 1a). Four subjects were then
each rescanned four times; in each scan each subject was sniffing
continuously at a different sniff-rate. Sniff-rate consistently deter-
mined the frequency of activity in the piriform cortex in all 16 scans
(Fig. 2). Including the control experiments described below, sniff-
induced activation occurred in the piriform of all 13 subjects tested.
In 11 of the 13 subjects, sniff-induced activation was greater in the
left piriform than in the right piriform (85% of subjects, P < 0.02).

In six additional experiments, we asked which sniffing-associated
factor caused the piriform activation. First, we asked whether the
sniff-induced activation was related to the motor action of sniffing
or to the somatosensory stimulation induced by sniffing. Four
subjects were scanned while they were sniffing with their nostrils
blocked (that is, they were unsuccessfully trying to sniff); this
eliminated the somatosensory stimulation associated with sniffing
but maintained the motor element of sniffing. Such attempts to sniff
did not induce significant activation in the piriform in any of the
four subjects (Fig. 3B, d).

The same four subjects were then scanned under conditions of
artificial sniffing, in which non-odorized air was puffed into the
nostrils at a flow, duration, and rate similar to that of a natural sniff.
This procedure, which eliminated the motor action but maintained
the somatosensory element of sniffing, induced significant activa-
tion in the piriform of all four subjects (Fig. 3B, c).

An additional subject was scanned three times while sniffing with
a partial occlusion of the nostrils that left 2-, 4-, or 6-mm opening.
The smaller opening was associated with increased motor effort and
decreased flow, whereas the larger opening was associated with
decreased motor effort and increased flow. An increase in unoc-
cluded-nostril diameter was consistently accompanied by an
increase of activation in the piriform; in other words activation
was related to the somatosensory sensation of air flow.

To address the possibility that sniff-induced activation may have
reflected an fMRI contrast artefact (because of the periodic change
in air content surrounding the nasal passages), rather than brain
activity, we tested four additional subjects while they were sniffing
before and after applying a topical anaesthetic to the nasal passages.
Subjects were given an anaesthetic combined with a nasal dilator
which, taken together, increased air flow as measured by anterior
rhinometry. If sniff-induced activation were an artefact of air flow,
this procedure would increase sniff-induced activation. Three of the
four subjects reported a slight numbing sensation in the nostrils
(but see ref. 7). The anaesthesia markedly reduced sniff-induced
activation in the three subjects who reported a reduction in
sensation (compare Fig. 3Ba, b), but not in the subject who did
not report a reduction in sensation. The anaesthesia did not affect
the perception of odours by these subjects in a standard test of
olfactory identification (The University of Pennsylvania Smell
Identification Test)®. Thus, sniff-induced activation is not an arte-
fact related to air flow, but is instead related to brain activity
induced by the sensation of air flow.

To address further the issue of possible airflow artefacts, we
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scanned patient OT1, a 35-year-old woman who had undergone
resection of the nerves inervating the nasal passage. She sustained a
loss of olfactory and trigeminal perception in the left, but not the
right, nostril. Sniffing through the intact nostril induced significant
activation in the piriform, whereas sniffing through the anosmic
nostril did not (compare Fig. 3Aa, b). These results show that air
flow per se does not induce activation in the piriform. Rather, intact
nerves are necessary for this activation to occur.

Another explanation for sniff-induced brain activation is that,
despite the use of active-charcoal-filtered air in these experiments,
the activation was odorant-induced. If the stimulus-delivery system
was contaminated, piriform activations could have been induced by
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an odorant rather than by sniffing. This possibility was ruled out by
the second main experiment, in which we localized activation
induced by olfactory content alone (smell) rather than by olfactory
exploration (sniffing).

Eight subjects were repeatedly asked to determine whether any
odorant was present during a scan. In these smelling tasks, the
presence of odorant was alternated with the absence of odorant
while sniff-rate was held constant as a baseline. Each subject was
scanned twice with the pure olfactory odorants decanoic acid and
vanillin. Subjects were between 89% and 100% (mean 96%)
accurate in detecting odorant presence/absence. The presence of
odorants induced large activations in the anterior and lateral
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P <0.025

Figure 1 Brain regions activated by sniffing and smelling. a, The third slice
(coloured purple in €) from four different subjects, showing sniff-induced
activation primarily in the region of the piriform cortex in the temporal lobe and
the medial and posterior orbito-frontal gyri in the frontal lobe (circled regions). b,
The third slice in the same four subjects, showing activation induced by the
presence of an odorant primarily in the lateral and anterior orbito-frontal gyri
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(circled regions). Odorant-induced activity was greater in the right than in the left
lateral orbital gyrus (t(7) = 2.49, P < 0.05). ¢, Slice orientation. Locations within the
oblique slices were cross-referenced to standard coronal slices®®, Maximum
activation induced by sniffing was atx = —2.2cm,y = 0.4cm,z = —2.1¢cm, and
by presence of odorantwas atx =3cm,y =4.5cm,z= —1cm.

Figure 2 Fourier transform of activity within the temporal piriform during four
different scans in the same subject. Subjects sniffed once everya 8s (0.126 Hz), b
10s (0.1 Hz), ¢ 155 (0.066 Hz) or d 255 (0.04 Hz) in each scan. Sniffing frequency
determined the frequency of activation in the piriform in each scan. e, This scatter
diagram, representing the four subjects that participated in the control experi-
ment, reveals the minimal variance in this effect. Respiration was monitored
(0.38Hz, 0.34Hz, 0.30Hz and 0.32 Hz in the four scans, respectively) in order to
assure that overall respiration rate was not linked to sniffing rate.
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orbito—frontal cortices primarily, and lesser activations in the piri-
form, in all 16 scans (Fig. 1b). Activity in the lateral orbito-frontal
cortex was significantly greater in the right than in the left hemisphere
in six of eight subjects. No activation occurred in additional ‘sham’
scans when no odorant was present. Thus, odorant-induced activa-
tion occurred primarily in brain regions that were different from
those in which sniff-induced activation occurred, and sniff-induced
activation was not related to odorant contamination of the system.
(Odorant presence also induced activations in the peri-insular
region, superior temporal, and various parts of the limbic system.
Here, however, we focus on the dynamics of activity in the classic
olfactory regions that occupy the ventral aspects of the brain.) The
difference between sniff-induced and odorant-induced activation
was seen in each subject simultaneously during the same scan
(Fig. 4).

We have not determined which of several intranasal nerves
convey the sniff-induced information. The somatosensory nature
of the stimulus suggests that sniff-induced activation may be
conveyed via the trigeminal nerve’ (CNV 5). In some species,
however, the olfactory receptors and nerve (CNV 1) convey not
only odorants but also mechanical pressure®. Our results indicate
that the human olfactory nerve may be mechanically sensitive. The
role of sniff-induced activation in olfaction is unknown. Sniffing

Figure 3 The component of sniffing that activates the piriform. A,a, Sniffing
through the right, healthy, nostril in patient OT 1. Piriform activation is evident. b,
Sniffing through the left, anosmic, nostril in patient OT 1. No significant activation
is seen. B,a, Sniffing in healthy subject DP. Piriform activation is seen. b, Subject
DP sniffing following anaesthesia. There is a reduction in activation in
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may be an attentional mechanism in olfaction. A sniff may, there-
fore, temporarily prime the piriform for the arrival of odour
information, and may thus increase the probability of detecting
odours in the olfactory system. Piriform activation is driven
primarily by sniff rather than smell, but odour-content information
may still be found in the piriform: odour information may be
temporally coded in the nervous system'’. If the odour information
in the piriform is temporally coded, changes in odour content could
change the order of neuronal firing, without altering overall firing
rate. Such a difference in temporal codes of activity would be
undetectable in this fMRI analysis.

The difference in brain-activity patterns induced by sniffing and
smelling corresponds broadly with the localization of the primary
and secondary olfactory cortices. At present the human primary
olfactory cortex is thought to lie in the piriform cortex of the
temporal lobe, and the secondary olfactory cortex is believed to lie
in the orbito-frontal gyri of the frontal lobe and the insula of the
temporal lobe'' ™', This distinction concurs broadly with the struc-
tural connectivity of the olfactory system'’"".

If the exploratory stage of olfactory processing (sniffing) deline-
ates the primary olfactory cortex, the sniff-induced activations show
that primary olfactory cortex extends from the ventral temporal
piriform into a small region in the posterior and medial orbito-

B - -0.0001

comparison with a. ¢, Subject DP lying passively while artificial sniffing occurs.
Piriform activation is seen. d, Subject DP performing the motor action of sniffing
with the nostrils occluded (that is, there is no air flow). No significant activation is
seen. Arrows pointto the region of the entorhinal and temporal piriform. R, right; L,
left.
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frontal cortex. This continuous region of activation may correspond
with the cytoarchitectural extension of the piriform into the frontal
lobe in humans'”"®. Thus, in contrast to traditional views, primary
olfactory cortex in humans may reside in both temporal and frontal
lobes. If olfactory content (smelling) delineates the secondary
olfactory cortex, the smell-induced activations specify the frontal-
lobe portion of secondary olfactory cortex to the lateral and anterior
orbito-frontal gyri (thus excluding the medial-posterior portions of
the orbito-frontal cortex).

The role of sniffing in the dynamics of neural activity in the
olfactory cortex may offer a new way to examine the olfactory
deficits that are seen in many motor-neurodegenerative disor-
ders® ™. The olfactory deficit in diseases such as Parkinson’s
disease” may be partly related to an inability to sniff rather than
an inability to smell. Furthermore, the presence of both
primary and secondary olfactory cortices within both frontal and
temporal lobes may explain the diversity often seen in the extent and
nature of olfactory deficits following temporal and frontal-lobe
lesions">**, O
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Figure 4 The dissociation between sniff-induced and odour-induced activity can
be seen within the same subject at the same time (during the same scan). The
subject performed a smell task (sniffing once every 8s (0.125Hz); odorant
presence alternated with odorant absence every 40s during the 320s scan
(0.0125 Hz)). Fourier transform of activity in the box marked in the piriform cortex
(centre and bottom) and lateral orbito-frontal gyri (centre and top) reveals that
whereas the primary frequency of activity in the former is determined by sniffing,
activity in the latter is determined by smelling (odorant presence). In this image,
the brain is seen to be performing two different tasks at two different frequencies
simultaneously. Re-analysis of all the smelling tasks in all subjects at the
frequency of sniffing also showed this effect.
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Methods

Thirteen healthy subjects (seven women and six men, right-handed, non-
smoking, mean age 28) and one unilaterally anosmic woman participated in
the study. Odorant-generation methods are described in ref. 26. Odorant and
no-odorant conditions were alternated, with a rise time of <500 ms, and were
not associated with any auditory, visual, tactile or thermal cues.

Sniffing. During a scan, subjects viewed a screen via a mirror. An instruction
was repeatedly projected to the screen every 8s. Five repetitions of the
instruction read “Sniff” and were followed by five repetitions reading “No
sniff”. The resulting cycle of 40s sniffing followed by 40s not sniffing was
repeated four times, resulting in an experiment of 320s. Subjects were
instructed to maintain sniff duration while the message was projected, that is,
for 1.5s. In the somatosensory control experiments, subjects lay passively as
clean air was puffed at the nostrils at 30 litres min ™" for 1.5 s, at the experimental
rate. Anaesthesia was performed with topical application of phenylephrine
hydrochloride (0.5%) followed by xylocaine (4%).

Smelling. An instruction reading “Sniff and respond, is there an odour? Press
the right button for yes or the left button for no” was projected to the screen
once every 8s throughout the entire scan. The subject sniffed and then
indicated response by using the index finger of the dominant hand to press one
of two buttons. The instruction was presented at a constant rate (0.125 Hz),
whereas 40 s odorant presence alternated with 40 s odorant absence four times,
resulting in a 320-s experiment. Thus, the difference between the alternating
conditions was restricted to the presence or absence of an odorant while sniffing
was maintained as a constant subtracted baseline.

fMRI acquisition. Imaging was performed using a 1.5 T MRI scanner. A bite-
bar was used to prevent head motion. Eight 4-mm-thick slices with a 2-mm
interslice gap were acquired. Two 5-inch-diameter local-receive coils were used.
A T2*-sensitive gradient echo spiral sequence” was used, with parameters of
repetition time (TR) = 720 ms,  echo time (TE) = 40ms, flip angle = 65°,
in-plane resolution = 2.75 mm?®, number of interleaves = 4, acquisition time =
2.88 sper frame, numberof frames = 115. T1-weighted flow-compensated
spin-warp anatomy images (TR = 500 ms, minimum TE) were acquired as a
substrate on which to overlay functional data.

fMRI analysis. Methods of fMRI analysis are described in detail in refs 26, 28.
Briefly, a reference function was computed by convolving a square wave at the
task frequency (frequency of sniffing in the sniffing tasks or frequency of
odorant presentation in the smelling tasks) with a data-derived estimate of the
haemodynamic-response function. Correlations between the reference func-
tion and the pixel response time series were computed and normalized in a
statistical parametric Z map®. Motion analysis was performed and corrected
using an algorithm based on correlation of the image with a reference image.
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Prolonged tissue damage or injury often leads to chronic pain
states such that noxious stimuli evoke hyperalgesia and innocuous
tactile stimuli evoke pain (allodynia)>. The neuropeptide
nociceptin®, also known as orphanin FQ (ref. 5), is an endogenous
ligand for the orphan opioid-like receptor®® which induces both
hyperalgesia and allodynia when administered by injection
through the theca of the spinal cord into the subarachnoid
space (that is, intrathecally)*’. Here we show that the nociceptin
precursor>'®"" contains another biologically active peptide which
we call nocistatin. Nocistatin blocks nociceptin-induced allodynia
and hyperalgesia, and attenuates pain evoked by prostaglandin E,.
Itis the carboxy-terminal hexapeptide of nocistatin (Glu-GIn-Lys-
GIn-Leu-Gln), which is conserved in bovine, human and murine
species, that possesses allodynia-blocking activity. We have also
isolated endogenous nocistatin from bovine brain. Furthermore,
intrathecal pretreatment with anti-nocistatin antibody decreases
the threshold for nociceptin-induced allodynia. Although noci-
statin does not bind to the nociceptin receptor, it binds to the
membrane of mouse brain and of spinal cord with high affinity.
Our results show that nocistatin is a new biologically active
peptide produced from the same precursor as nociceptin and
indicate that these two peptides may play opposite roles in pain
transmission.
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Nociceptin is processed from its precursor prepronociceptin
(Fig. 1). This sequence is bounded by pairs of the basic amino
acids Lys-Arg, a general cleavage site for precursor maturation. The
bovine nociceptin precursor protein consists of 176 amino acid
residues. It contains three additional potential cleavage sites, deli-
neating four processing products (bPNP-2, bPNP-3, bPNP-4 and
bPNP-5), as shown in Fig. 1. The prepronociceptin gene" has
organizational and structural features that are very similar to
those encoding precursors of the endogenous opioid peptides
preproenkephalin, preprodynorphin and prepro-opiomelanocor-
tin. We therefore investigated the possibility that the nociceptin
precursor might contain not only nociceptin but also an additional
bioactive peptide(s) as maturation product(s).

To test whether these peptides are biologically active in vivo, we
synthesized them chemically and investigated their effects on
nociceptin-evoked pain responses in conscious mice. Simultaneous
intrathecal (i.t.) injection of equal amounts of bPNP-3 and noci-
ceptin (50 pg per mouse of each) significantly inhibited nociceptin-
induced allodynia over the 50-min experiment. As shown in Fig. 2a,
the allodynia caused by nociceptin was dose-dependently blocked
by bPNP-3, with a half-maximal inhibitory dose (IDsy) (95%
confidence limits) of 715fg (34 fg—4.25pg). However, bPNP-2,
bPNP-4 and bPNP-5 did not affect allodynia at doses up to
500 pg. bPNP-3 (500 pg) did not induce allodynia by itself (not
shown). Figure 2b shows the effect of synthetic peptides on
nociceptin-evoked hyperalgesia by the hot-plate test. As compared
with saline (17.6 = 0.85s, n = 8), nociceptin (50 pg) shortened the
response latency to 8.7 = 0.63 s, at 15 min after i.t. injection. The
nociceptin-evoked hyperalgesia was significantly attenuated by
500 pg bPNP-3 and bPNP-4 (15.2 *1.03s and 14.0 £ 0.31s,
respectively). The i.t. administration of bPNP-3 and bPNP-4
alone did not affect the latency period (not shown). Neither

Table 1 Inhibition of nociceptin-induced allodynia by peptides derived from
bovine and mouse prepronociceptins

Species Peptide Sequence IDso (95% confidence limits)
(pg)
Bovine bPNP-3 TEPGLEEVGEIEQKQLQ 0.715 (0.034 — 4.25)
bPNP-3-8P EIEQKQLQ 0.125 (0.00096 — 1.33)
Mouse mPNP-2/3 MPR-(36aa)-QLQ 1.80 (0.22 — 7.14)
mPNP-3 AEPGADDAEEVEQKQLQ 2.33(0.25—15.3)
mPNP-3-8P EVEQKQLQ 1.07 (0.034 —8.07)
Conserved PNP-3-6P EQKQLQ 14.2 (6.29 —47.1)
PNP-3-6PAN QKQLQ No inhibition at 500 pg
PNP-3-6PAC EQKQL No inhibition at 500 pg

Nociceptin (60 pg per mouse) was injected simultaneously with these synthetic peptides
into conscious mice. Details are described in Methods. aa, Amino acids.

Signal peptide
1

Bovine MRILFCDLLILALFSSVSEECORDCLVCRERLRPILDSFSLENCTLECEERAFTSPLWTE 60
Human MRVLLCDLLLLSLFSSVFESCORDCLICOERLHPALDSFDLEVC I LECEEKVFPSPLWTP s0
Mouse MRILFCDVELLSLLSSVFSSCPRDCLTCORKLHPAPDSFNLKTCILOCEEKVFPRPLWTV 60
Rat MEILFCDVLLLSLLESVFSSCPEDCLTCQERLHPAPGSFNLRLC ILOCEERVFPRPLWTL 60
bPNP-2
Bovine « gL ALDQFRA """‘"@ FQROQ B 109
Human CTRVMARSSWQLSPAAPEHVAAALYQP FQEQ E 109
Mouse CTKVMASGSGOLSPADPELVSAALYQPKASENQH RVRSLVQVRDAEPGADAEPGA 120
Rat CTRAMA DPELTSAALYQ BRVRSVV 114
bLPNP-3 (Nocistatin) Nociceptin bENP-4 -
- 1 1
Bovine [RErepeL IEQKQLS LAN SEFMROYLVLSMQS: 169
Human GGF LA Y 169
DAEPGADE RKLA JYLVL 180
House qer LANGRT “ e 170
Rat DAEPVADEADEV £ Y RRES
bPNP-5
.1
Bovine LHQNGNA 176
Human LHONGNV 176
Mouse LHQONGNV 187
Rat LEONGNV 181

Figure 1 Alignment of deduced amino-acid sequences among bovine, human,
mouse and rat prepronociceptins. Conserved amino acids are shaded and the
putative proteolytic cleavage motifs are boxed. The signal peptide and putative
peptides are indicated by overlines.
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