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Abstract

Pavlovian fear conditioning has been thoroughly studied in the visual, auditory and somatosensory

domain, but evidence is scarce with regard to the chemosensory modality. Under the assumption

that Pavlovian conditioning relies on the supra-modal mechanism of salience attribution, the

present study was set out to attest the existence of chemosensory aversive conditioning in humans

as a specific instance of salience attribution. fMRI was performed in 29 healthy subjects during a

differential aversive conditioning paradigm. Two odors (rose, vanillin) served as conditioned

stimuli (CS), one of which (CS+) was intermittently coupled with intranasally administered CO2.

On the neural level, a robust differential response to the CS+ emerged in frontal, temporal,

occipito-parietal and subcortical brain regions, including the amygdala. These changes were

paralleled by the development of a CS+-specific connectivity profile of the anterior midcingulate

cortex (aMCC), which is a key structure for processing salience information in order to guide

adaptive response selection. Increased coupling could be found between key nodes of the salience

network (anterior insula, neo-cerebellum) and sensorimotor areas, representing putative input and

output structures of the aMCC for exerting adaptive motor control. In contrast, behavioral and skin

conductance responses did not show significant effects of conditioning, which has been attributed

© 2013 Elsevier Inc. All rights reserved.
*Corresponding author at: Department of Psychiatry, Psychotherapy and Psychosomatics, RWTH Aachen University, Pauwelsstrasse
30, 52074 Aachen, Germany. Fax: +49 241 80402.

Confiict of interest
Authors declare no confiict of interests.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.neuroimage.2013.03.049.

NIH Public Access
Author Manuscript
Neuroimage. Author manuscript; available in PMC 2014 August 14.

Published in final edited form as:
Neuroimage. 2013 August 15; 77: 93–104. doi:10.1016/j.neuroimage.2013.03.049.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://dx.doi.org/10.1016/j.neuroimage.2013.03.049


to contingency unawareness. These findings imply substantial similarities of conditioning

involving chemosensory and other sensory modalities, and suggest that salience attribution and

adaptive control represent a general, modality-independent principle underlying Pavlovian

conditioning.
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Introduction

Pavlovian fear conditioning and its neural correlates have been well described in the visual,

auditory and somatosensory modality (for review, see Sehlmeyer et al., 2009), but only little

is known about aversive conditioning within the chemical senses in humans. Given the

evolutionary significance of the chemosensory system across species (Shepherd 2004), one

might speculate equal or even better associative learning within this system.

Only one EEG study has been performed in which olfactory CS were paired with a painful

trigeminal US (Bensafi et al., 2007). Conditioned behavioral and electrophysiological

responses (CR) were only found in a subset of subjects. Together with other behavioral (e.g.

Busch and Evans, 1977; Marinkovic et al., 1989; Todrank et al., 1995) and EEG studies

(Hermann et al., 2000) involving at least one chemosensory stimulus, these findings suggest

that aversive conditioning in the chemosensory domain is more subtle and less robust than in

other sensory modalities.

This interpretation, which is presumably premature given the limited number of studies, is

challenged by the assumption of a general, modality-independent learning mechanism which

might underlie Pavlovian conditioning and which is supported by abundant evidence of

successful conditioning involving stimuli of different modalities (see Sehlmeyer et al.,

2009). A promising candidate mechanism is the attribution of salience. Theoretical

approaches of Pavlovian conditioning, such as the Rescorla–Wagner model (Rescorla,

1988), describe salience as “attention-gettingness” of the CS, which is positively correlated

with its proneness to become associated with the US, and which can change as a function of

repeated pairing with the US (Rescorla, 1988). Here, salience is defined more broadly as the

property of a stimulus to challenge the organism’s homeostasis, which in turn requires the

initiation of an appropriate action (Seeley et al., 2007; Sterzer and Kleinschmidt, 2010). This

definition of salience includes many different forms, ranging from unexpected changes in

stimulus characteristics (e.g. novelty, which automatically elicits an orienting response), to

stimuli with inherently motivational value (e.g. pain, which immediately elicits a defensive

reaction). In this regard, Pavlovian conditioning can be viewed as a modality-independent

process which involves the attribution of salience to a previously neutral CS due to repeated

pairing with a highly salient stimulus (US), which in turn induces the initiation of an

appropriate action (i.e. conditioned response). In other words, the CS becomes a predictor of

the US, and therefore gains salience. This conceptualization of conditioning has already

been adopted in studies on appetitive learning in humans (i.e. Heinz and Schlagenhauf,
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2010; Jensen et al., 2008; Roiser et al., 2009), and on aversive learning in mice (Moessnang

et al., 2012). The process of salience attribution should therefore apply to Pavlovian

conditioning involving chemosensory stimuli as well.

The neural correlates of salience attribution and response initiation have recently been

described using a network perspective approach (Seeley et al., 2007). Within this

framework, the anterior insula (AI) and the adjacent opercular and inferior frontal cortex

constitute a “hub” for salience detection, with major input from sensory, limbic and

prefrontal areas (Cauda et al., 2011). A second network node is located in the dorsal anterior

cingulate cortex (dACC) and is involved in adaptive response initiation, with major output

to areas implicated in attentional and motor control (Beckmann et al., 2009). Based on a

more recent cytoarchitectonic parcellation of the cingulate (Vogt, 2005), this network node

seems to overlap with the so-called anterior midcingulate cortex (aMCC), which shares

important functions related to the salience network. According to the ‘adaptive control

hypothesis’ (Shackman et al., 2011), the aMCC is a convergence site of information about

reinforcers, i.e. highly salient stimuli, which is used for response selection and initiation. In

accordance with this idea, most robust activation of the aMCC has been reported during

tasks which elicit aversively motivated behavior, such as during anticipation and delivery of

pain (Drabant et al., 2011; Farrell et al., 2005) as well as during Pavlovian fear conditioning

(Mechias et al., 2010). No study, however, has explicitly linked Pavlovian conditioning to

the salience network.

The present study was therefore set out to answer two research questions. One aim was to

establish olfactory-trigeminal conditioning in the fMRI environment and to extensively

characterize conditioning effects on a neural (whole-brain), behavioral and physiological

level. For this purpose, relatively selective olfactory stimuli were used as CS, and

intranasally administered CO2, which elicits painful, stinging sensations conveyed by the

trigeminal nerve, was used as US. Based on conditioning studies involving other sensory

modalities, effects on the neural level were expected in insular and frontal cortices, aMCC,

primary sensory cortex (i.e. primary olfactory cortex, POC) and amygdala (Sehlmeyer et al.,

2009). On an autonomous and behavioral level, successful conditioning should be reflected

in altered skin conductance responses (SCR), as well as valence and intensity ratings. The

second aim of our study was to characterize the processes underlying Pavlovian

conditioning in the framework of salience attribution and adaptive control using a network

perspective approach. More precisely, we anticipated increased CS-specific functional

connectivity between aMCC and the AI as a result of conditioning, implying successful

olfactory salience attribution. On a behavioral level, increased adaptive control could result

in faster reaction times in response to the US when preceded by the CS.

Material and methods

Sample

Thirty-three right-handed (Edinburgh Inventory; Oldfield, 1971) volunteers participated in

the study. Due to technical problems during fMRI scanning, four subjects had to be

excluded from further analysis, leaving a final sample of 29 subjects (15 females; mean age

31.4 ± 9.6 years). Exclusion criteria related to impaired olfactory functioning or to structural
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or functional changes in the brain encompassed acute or chronic disorders in the maxillary

or frontal sinuses, intake of psychoactive substances or medication influencing olfaction, a

history of neurological disorders, as well as a history of mental illness (the latter was

assessed by the Structured Clinical Interview for DSM-IV Axis I Disorders SCID-I;

Wittchen et al., 1997). Self-reported depressive symptoms were administered with the Beck

Depression Inventory BDI-II (Hautzinger et al., 2006). Normal olfactory functioning was

ensured by psychophysical testing using the Sniffin’ Sticks Screening test (Hummel et al.,

2001). The study was approved by the local ethics committee at the Faculty of Medicine,

RWTH Aachen University, and conducted according to the Code of Ethical Principles for

Medical Research involving human subjects of the World Medical Association (Declaration

of Helsinki). All subjects gave written informed consent and received a compensation of 10

Euros per hour.

Experimental procedure

In a separate acclimation session outside the scanner, subjects were accustomed to the task

and the olfactory setup and trained to breathe evenly through the mouth while avoiding nasal

air flow (velopharyngeal closure). Psychopathological and psychophysical screenings were

administered between acclimation session and fMRI experiment. During scanning, subjects

were exposed to an olfactory-trigeminal conditioning paradigm. Finally, a post-scanning

questionnaire was used to assess perceived stimulus characteristics and contingencies.

Chemosensory stimulation

Chemosensory stimuli were delivered by means of a computer controlled olfactometer

(OM6b, Burghart Messtechnik GmbH, Wedel, Germany), which allowed for standardized

olfactory stimulation in the absence of tactile or thermal cues. Nostrils were stimulated via

two separate tubes ending in nose-pieces inserted into both nostrils. Continuous airflow

through each tube was held constant at 8 l/min and heated close to body temperature. Onset

and duration of chemosensory events were controlled by Presentation software

(Neurobehavioral Systems, Albany, US). All chemical components were obtained at Sigma-

Aldrich GmbH, Deisendorf, Germany. For olfactory stimulation, phenyl ethyl alcohol (rose

odor) and vanillin were each mixed with propylene glycole, an odorless solvent, in a ratio of

1:10. Both odors are perceived as mildly pleasant and are known to act as a relatively

selective odorant in reasonably low concentrations (Doty et al., 1978; Frasnelli et al., 2011).

Intranasally administered carbon dioxide (CO2) was used for trigeminal stimulation, which

is odorless and leads to a stinging, painful sensation at a certain concentration. For technical

reasons, odors were presented to the right nostril, whereas CO2 was presented to the left

nostril. Chemosensory stimuli were embedded in the continuous air stream at pre-defined

ratios. These ratios were obtained during the acclimation session, where concentrations were

individually adjusted using a step-wise procedure (see Supplementary material). Final

concentrations were rated as “well perceivable” for both odors, and “unpleasant, but

tolerable” for CO2. On average, vanillin was presented at a mean concentration of 60.3

(±13.6) % v/v, rose with 53.6 (±14.8) % v/v, and CO2 with 65.6 (±18.1) % v/v of total

airflow. In order to counteract habituation and to maintain CO2 aversiveness, subjects’

responses (i.e. button press) to the CO2 were monitored within a 3 s time window after CO2

onset during the later experiment. CO2 concentration was raised in steps of 0.5 l/min if
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subjects committed two omissions in a row. This procedure ensured individually adjusted

pain stimulation and therefore allowed for controlling for subjective pain sensitivity. On

average, CO2 concentration was raised by 2.5 (±2.2) steps, and final concentration amounted

to 80.6 (±11.8) % v/v.

Conditioning procedure

During MR scanning, one odor (CS+) was intermittently coupled with the painful CO2 (US)

in 60% of trials, whereas the other (CS −) was never coupled with the US, resulting in three

CS conditions: CS+_US, CS+, and CS−. The intermittent reinforcement schedule allowed

for a US-free comparison of both CS. In addition, a US-only condition was introduced in

order to assess the effect of pure trigeminal stimulation. The assignment of odors to CS

conditions was reversed in two versions. Due to exclusion of subjects, 58% of subjects were

measured with vanillin and 42% with rose as CS+. The total number of trials per condition

was chosen according to the rationale of 1) maximizing the number of trials in conditions of

interest (i.e. CS+, CS−), 2) keeping a comparable balance of the number of odor

presentations (i.e. rose vs. vanillin) despite an intermittent coupling rate of 60%, 3) ensuring

a sufficient number of CS+_US pairings, and 4) minimizing the total length of the

experiment. Therefore, the odor assigned to CS+ trials was presented 40x in the CS+_US

condition, and 30x in the CS+-only condition, resulting in a total of 70 presentations,

whereas the odor assigned to the CS− condition was presented 45x. These outcome

probabilities (p(US|CS+) = 0.57, p(US|CS−) = 0) were similar to those which have been

used successfully in previous studies on conditioning (e.g. Büchel et al., 1999; Dunsmoor et

al., 2007; Gottfried et al., 2002; Morris et al., 2001; Spoormaker et al., 2011). Finally, the

US-only condition was presented 15x (Fig. 1).

In order to ensure sufficient commitment to the task and to monitor perceived stimulus

characteristics, subjects were asked to rate the previous chemosensory event in 66% of trials

regarding odor valence or intensity in CS conditions and aversiveness in US conditions.

Rating scales were continuous, ranging from “not perceivable” to “too intense” or “too

painful” for intensity and aversiveness, respectively, and from “very unpleasant” to “very

pleasant” for valence. Poles were randomly reversed from trial to trial in order to maximize

trial-specific rating. Rating was performed by moving a bar along a continuous scale, using

the buttons of an fMRI compatible response device (LUMI-touch™, Lightwave

Technologies, Richmond, Canada) placed under the right index and middle finger. The

experiment was performed in two equally long sessions (session 1, session 2), with a short

break of 2 to 5 min between sessions. This break served as a clear demarcation between the

first and second sessions for later analysis, and allowed subjects to have a short rest. Trials

were presented in a pseudo-randomized order with the restriction of no more than two

identical conditions in a row. Each trial consisted of 1) a baseline (1500 ms, plus a jitter of 0

to 1500 ms, varied in 500 ms steps), 2) a pre-event phase (1500 ms), indicated by the color

change of a centrally presented fixation cross from white to gray, which informed subjects

about the forthcoming olfactory stimulation; 3) an event phase (500 to 1500 ms), where the

chemosensory event was presented; and 4) an ISI (3000 s), which was followed by a 5)

rating phase (5500 ms) in 66% of trials. Chemosensory events were presented during the

event phase of the trial (see Fig. 1), and consisted of a 1000 ms odor pulse for CS− and CS+
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conditions, which was followed by a 200 ms CO2 pulse after a 300 ms inter-stimulus

interval for CS+ _US conditions. A single 500 ms CO2 pulse was presented in US-only

conditions. The reason for using a shorter CO2-duration in CS+_US trials relates to the

finding that trigeminal stimuli are perceived as more intense when accompanied by odors

(Livermore et al., 1992). Subjects were instructed to pay attention to the odors. They were

also told to quickly press the button with their right index finger upon CO2 detection to

avoid an increase of CO2 concentration. Besides keeping track of individual pain sensitivity,

as stated above, this manipulation allowed for inclusion of a behavioral measure of adaptive

control. Subjects were told that the US could appear “anytime” during the experiment. No

information was given about stimulus contingencies, and subjects’ attention was not directed

to a potential stimulus relationship. After fMRI scanning, subjects were given a

questionnaire in which they were asked to give a summary rating of odor intensity and CO2

aversiveness. They were also asked whether they perceived any association between odor

and CO2.

Data acquisition

Imaging parameters—Functional MRI was performed on a 3 T Tim Trio MR Scanner

(Siemens, Erlangen, Germany) at the Department of Psychiatry, Psychotherapy, and

Psychosomatic Medicine at the Hospital of the RWTH Aachen University. Functional

images were collected in two runs with an echo-planar imaging (EPI) T2*-weighted contrast

sequence sensitive to blood oxygenation level dependent (BOLD) changes (echo time [TE]

= 30 ms, repetition time [TR] = 2 s, flip angle [α]: 76°, voxel size: 3.1 × 3.1 × 3.3 mm3, 64 ×

64 matrix, field of view [FOV]: 200 × 200 mm2, slice thickness: 3.3 mm, gap: 0.6 mm,

number of slices: 33 axial slices, whole-brain, slice acquisition sequence: ascending, 450

volumes per run).

Electrophysiology — skin conductance response (SCR)—Skin conductance data

were assessed during the conditioning paradigm. Two silver–silver chloride (Ag–AgCl)

electrodes were placed at the middle phalanges of the index and middle fingers of the left

hand. The recording sites were prepared using an abrasive cleaning paste (Everi, Wetzlar,

Germany), and electrodes were carefully filled with electrode gel (Biopac Systems, Goleta,

USA). SCR data were recorded at a sampling rate of 5000 Hz in DC mode using a bipolar

BrainAmp ExG MR amplifier (Brain Products, Gilching, Germany). Data were analyzed

offline, including downsampling to 5 Hz, artifact reduction using spline interpolation, and

extraction of phasic components from tonic activity based on continuous decomposition

analysis (Benedek and Kaernbach, 2010) implemented in Ledalab© software. Data were

normalized using a log transformation (y = log10(x + 1)) prior to statistical analysis.

Data analysis

Behavioral analysis—As successful conditioning should be reflected in the emergence of

a differential response to CS+ and CS− in session 2, the main focus was set on the respective

time × condition interaction. Continuous rating scales were transformed into scales ranging

from 0 (“not perceivable”) to 1 (“too intense/painful”) for intensity and aversiveness, and

from —1 (“very unpleasant”) to 1 (“very pleasant”) for valence. Mean valence and intensity

ratings were entered into a 3 × 2-way repeated measures analysis of variance (rmANOVA),
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with “condition” (CS+_US, CS+, CS−) and “session” (session 1 vs. session 2) as within-

subjects factors. Median response times and mean response accuracy to CO2 were analyzed

in a 2 × 2-way rmANOVA, with “condition” (CS+_US vs. US) and “session” (session 1 vs.

session 2) as within-subject factors. In addition, button presses in response to CS+ and CS−

were analyzed as a measure of false alarms, using a 2 × 2-way rmANOVA with “condition”

(CS+ vs. CS−) and “session” (session 1 vs. session 2) as within-subject factors. Finally, US

aversiveness ratings, averaged across sessions, were analyzed in a one-sample t-test against

a rating score of 0.5 (“moderately aversive”) in order to verify significant aversiveness of

the US. Significance levels for repeated-measures analyses of variance (rmANOVA) were

set to p < .05. If applicable, t-tests were calculated post-hoc as paired-sample t-tests, and

Bonferroni correction for multiple comparisons was applied. Statistical calculations were

performed with SPSS 17.0 (SPSS Inc., Chicago, US). Finally, post-scanning ratings were

analyzed qualitatively. Average intensity and aversiveness ratings were calculated.

Analysis of SCR—SCR data of seven subjects had to be discarded due to technical

failure. Phasic SCR responses were defined as deflections above 0.02 μS and were analyzed

with respect to the parameters “nSCR” (number of SCRs) and “Amp” (amplitude measure

derived from phasic driver activity) in a time window of 2–10 s after stimulus onset, as well

as “%SCR” (percent trials with above-threshold SCR). Non-responders were defined as

subjects that showed above-threshold SCR modulation in less than 20% of trials across

conditions and sessions. This criterion was met by five subjects, leaving a total sample of n

= 17 SCR datasets. In responders, individual session-wise means were subjected to a 4 × 2-

way rmANOVA with within-subject factor “condition” (CS+_US, CS−, CS−, US) and

“session” (session 1 vs. session 2).

Functional image analysis—Imaging data were analyzed using SPM8 (Statistical

Parametric Mapping, Welcome Trust Centre for Neuroimaging, London, UK). Functional

data were spatially preprocessed, including realignment, coregistration of the mean image

into MNI space and normalization by means of unified segmentation (Ashburner and

Friston, 2005), resulting in a voxel size of 1.5 × 1.5 × 1.5 mm3, and spatial smoothing with

an 8 mm full-width at half-maximum Gaussian Kernel. No subject had to be removed due to

excessive motion (>3 mm).

Each chemosensory event (CS+, CS+_US, CS−, US) and the pre-event phase (PRE) were

modeled as event-related regressors by convolution of the corresponding delta function with

the canonical hemodynamic response function (HRF). The rating phase was modeled using a

5.5-s box car function which was also convolved with the canonical HRF. Realignment

parameters were included as covariates of no interest. A high-pass filter with a period of 128

s was applied during parameter estimation by means of the general linear model (GLM).

Effects were calculated for each session separately by contrasting the corresponding

regressor to the implicit baseline. These contrasts were entered into a mixed-effects GLM

for group-level inference, with subjects as random effects and conditions as fixed effects.

For validation purpose, we report the following two contrasts in the supplement: An F-

contrast over all events (CS−, CS+, CS+_US, US) in order to assess the main effect of

chemosensory stimulation, and a t-contrast (PRE vs. baseline) in order to assess the impact
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of the preceding pre-event phase on brain activation, both averaged across both sessions (see

Supplementary results, Tables S1, S2, Figs. S1, S2).

A second GLM was calculated to assess the effect of CS conditions as a function of time.

For this purpose, a 2 × 2-way ANOVA was calculated, with the within-subject factors

“condition” (CS+ vs. CS−) and “session” (session 1 vs. session 2). Only voxels showing a

modulation of the time × condition interaction at a threshold for puncorr = .001 were

considered for further analysis. For this reason, differential brain activation to CS+ and CS−

in each session, which was calculated using t-contrasts (CS+sess1 > CS− sess1, CS−sess1 > CS

+sess1, CS+sess2 > CS−sess2, CS−sess2 > CS+sess2), was inclusively masked with the F

contrast of the interaction term ([CS+sess1 > CS−sess1] < [CS+sess2 > CS−sess2]). The

significance level for all reported activations was set to pcorr < .05, family-wise error (FWE)

corrected for multiple comparisons across voxels (extent threshold: 50 voxels). A

cytoarchitecture-based anatomical labeling of identified regions was performed by means of

maximum probability maps provided the SPM Anatomy toolbox (www.fz-juelich.de/ime/

spm_anatomy_toolbox, V1.8; Eickhoff et al., 2006a). The following maps were used in the

present study, and are reported in detail elsewhere: primary somatosensory areas (3a, 3b, 1,

2; Geyer et al., 1999; Grefkes et al., 2001), secondary somatosensory areas (OP1-4; Eickhoff

et al., 2006b), primary motor cortex (4a, 4p; Geyer et al., 1996), premotor cortex (BA6;

Geyer, 2004), intraparietal sulcus (hIP1-3; Choi et al., 2006); superior parietal areas (7A,

7PC; Scheperjans et al., 2008), inferior parietal areas (PFop, PFt, PF, PFm, PFcm, PGa;

Caspers et al., 2006), extrastriate visual areas (V3v, V4, V5/hOc3v, hOc4v, hOC5;

Malikovic et al., 2007; Rottschy et al., 2007), cerebellum (Diedrichsen et al., 2009). Regions

not covered by probability maps were reported according to the MNI-based AAl

(Anatomical Automatic Labeling) database, implemented in SPM (Tzourio-Mazoyer et al.,

2002).

Region of interest analysis—As significant time × condition interaction was expected

in the POC and amygdala based on previous findings on Pavlovian conditioning (see

Introduction), structurally defined ROIs were selected from the AAL database implemented

in the SPM toolbox MarsBaR (http://marsbar.sourceforge.net) for each hemisphere. For each

ROI, session-wise percent signal change was calculated and subjected to a 2 × 2-way

rmANOVA, with within-subject factors “condition” (CS+ vs. CS−) and “session” (session 1

vs. session 2), and paired t-test were calculated post-hoc, using Bonferroni correction for

multiple comparisons.

Psychophysiological interaction—Salience attribution was also explored using a

network perspective approach. As the aMCC showed a robust differential response to both

CS in session 2 in the group analysis (see Results), and is assumed to represent a key node

of the salience network (see Introduction), the CS-specific functional connectivity of the

aMCC was modeled during the first and second sessions using a psychophysiological

interaction (PPI). Volumes of interest (VOI) were defined within the aMCC, which was

guided by group-level statistics as follows: search volume was anatomically restricted by a

mask consisting of a 10 mm sphere around the peak voxel at [8 23 29] that displayed

significant differential activation in response to CS+ in the second session, using the t-
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contrast outlined above (CS+sess2 > CS−sess2; see Results). On the single subject level,

individual VOIs were then defined in CS+-involving contrasts as supra-threshold voxels

(puncorr < .05) within this mask. For each session, time courses were extracted from VOIs as

the first eigenvariate, and adjusted for the session-specific effects of interest. A PPI

regressor was generated as element-by-element product of the CS condition (psychological

regressor: CS+, CS−) and the VOI time course (physiological regressor). A first-level GLM

was estimated for each session and CS condition, including these three regressors as well as

all remaining task-related regressors as described above. On the group level, connectivity

patterns of the aMCC were analyzed in two ways. In order to assess the task-independent,

i.e. non-differential connectivity patterns of the aMCC during the first and second sessions,

VOI time courses were entered into a mixed-effects GLM, with subjects as random effects,

and session-wise time courses as fixed effects. Differences in connectivity patterns between

sessions were explored using t-contrasts (sess1 > sess2, sess2 > sess1). In a second step, the

task-dependent, i.e. differential connectivity profile for CS+ and CS−trials was calculated by

subjecting contrast estimates of the first- and second-session PPI regressors into a mixed-

effects GLM, with subjects as random effects, and PPIs as fixed effects, yielding a 2 × 2-

way ANOVA with within-subject factors “condition” (CS+ vs. CS−) and “session” (session

1 vs. session 2). Following the same rationale as in the analysis of task-induced brain

activation (see above), differential connectivity of the aMCC within each session was

explored using t-contrasts (PPI CS+sess1 > PPI CS−sess1, PPI CS−sess1 > PPI CS+sess1, PPI

CS+sess2 > PPI CS−sess2, PPI CS−sess2 > PPI CS+sess2), which were inclusively masked by

the interaction term ([PPI CS+sess1 > PPI CS−sess1] < [PPI CS+sess2 > PPI CS−sess2]). Due to

a general lack of power of PPI analyses in event-related designs (O’Reilly et al., 2012),

which is even more pronounced in the case of direct comparison of PPI models, a rather

liberal statistical threshold of puncorr < .001 at voxel-level (extent threshold: k = 50 voxels)

was used (with puncorr < .05 for the masking interaction term). However, to ensure sufficient

control for false-positives, we employed a cluster-correction threshold at pcorr < .05, FWE

corrected for multiple comparisons.

Results

Behavior

Analysis of intensity and valence ratings yielded a main effect of condition (intensity: F[2,56]

= 14.55, p < .001; valence: F[2,56] = 23.05, p < .001, Fig. 2A). Post-hoc t-tests revealed

higher intensity and lower valence ratings of the CS+_US condition compared to CS+

(intensity: t[28] = 4.86, pcorr < .001; valence: t[28] = 5.90, pcorr < .001) and CS− condition

(intensity: t[28] = 3.39, pcorr = .006; valence: t[28] = 4.54, pcorr < .001) as a result of the

concomitant trigeminal stimulation. No difference was found between the purely olfactory

conditions CS+ and CS−. Analysis of US ratings confirmed sufficient aversiveness

throughout the experiment when compared to the cutoff-score of 0.5 (“moderately aversive”,

with a mean of 0.66 (±0.15); t[28] = 5.83, p < .001). Finally, response times to the CO2

showed a main effect of session (F[1,27] = 34.23, p < .001), with faster responses in the

second compared to the first session (t[28] = 5.85, pcorr < .001). In contrast, a main effect of

condition emerged for response accuracy (F[1,27] = 15.16, p = .001), as subjects committed

less omissions in unimodal US trials compared to bimodal CS+_US trials (t[28] = 3.89, pcorr
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= .001). The false alarm rate in response to CS+ and CS− was close to zero (overall mean:

2.32 (±0.62) %, and did not change as a function of condition or session (all F[1,28] < 0.96,

all p > .337). All mean values are reported in Table S3.

Skin conductance response

A significant impact of condition could be found for each SCR parameter (%SCR: F[3,48] =

42.27, p < .001; Amp: F[3,48] = 19.63, p < .001; nSCR: F[3,48] = 55.48, p < .001), with

increased SCR responses to CS+_US and US compared to purely olfactory CS conditions

(all t[16] > 4.30, all pcorr < .001; Fig. 2B). No significant difference was observed between

both CO2-containing conditions (CS+_US vs. US, all t[16] < 2.39, all pcorr = .157) and both

olfactory conditions (CS+ vs. CS−, all t[16] <0.37, all pcorr > .999). A main effect of session

was found for %SCR (F[1,16] = 12.00, p = .003) and Amp (F[1,16] = 7.42, p = .015), but not

for nSCR (F[1,16] = 3.59, p = 0.76), with more pronounced SCRs in the first compared to the

second session (%SCR: t[16] = 3.46, pcorr = .003; t[16] = 2.72, pcorr = .015). Averaged

waveforms of event-related SCR responses are depicted in Fig. 2B. All mean values are

reported in Table S3.

Post-scanning questionnaire

After scanning, overall CO2 aversiveness was rated as 6.9 (±0.9, on a scale from 1 [“not

perceivable”] to 9 [“too painful”], with 5 = “moderately painful”). Odor intensity was rated

as 5.7 (±1.6, on a scale from 1 [“not perceivable”] to 9 [“too intense”], with 5 = “well

perceivable”). Both ratings suggest that stimuli were perceived appropriately, as CS were

well discernible, and the US was sufficiently aversive. When asked for describing a

systematic relationship between odors and CO2, n = 21 subjects indicated that they did not

detect any relationship. One subject indicated that odors were presented to the right nostril,

whereas CO2 was presented to the left nostril. N = 6 subjects stated that CO2 was often

given “simultaneously” or “closely with” the odors. Only one subject detected that “CO2

was more likely to be presented following the more pleasant odor” (which was vanillin in

that case). Crucially, none of the other subjects became aware of the fact that only one odor

was paired with the CO2.

fMRI

Whole brain random effects analysis (T tests masked by interaction term)—
During the first session, only one cluster in the right middle temporal pole showed a session-

specific differential response to both CS conditions, with increased response to CS−

compared to CS+ trials (CS− > CS+). During the second session, in contrast, extended

suprathreshold activation could be found for the comparison CS+ > CS− in various brain

regions, including mid- and mediodorsal prefrontal cortex (PFC), premotor and

supplementary motor area (SMA), middle and posterior cingulate cortices, precuneus and

superior parietal lobule, supramarginal and right angular gyrus, superior and middle

temporal gyrus, left temporal pole, lingual gyrus and adjacent visual processing areas, the

right frontal operculum extending into the inferior orbitofrontal cortex (OFC), as well as

medio-dorsal and ventro-lateral nucleus of the thalamus (Fig. 3). No suprathreshold voxel

appeared in the reverse contrast (CS− > CS+) in the second session. See Table 1 for a

detailed overview.
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ROI analyses—A significant interaction was found for the left and right amygdala (left:

F[1,28] = 6.730, p = .015, right: F[1,28] = 6.246, p = .019) and the right POC (F[1,28] = 7.606,

p = .010), but not for the left POC (F [1,28] = 3.949, p = .057). Post-hoc t-tests revealed

significant differentiation between both CS conditions in the second session, with increased

signal change in response to CS+ compared to CS− in the left amygdala (t[28] = 2.820, pcorr

= .036) and right POC (t[28] = 2.854, pcorr = .013). Differential activation in the right

amygdala did not survive correction for multiple comparisons (t[28] = 2.085, puncorr = .046,

pcorr = .171). A significant signal increase towards the CS+ condition from session 1 to

session 2 could additionally be found in the right POC (t[28] = 3.051, pcorr = .020; Fig. 3).

Mean values are reported in Table S4.

Psychophysiological interaction—The comparison of task-independent connectivity

of the aMCC between sessions revealed increased co-activation of a wide-spread network

during the first session (Fig. 4), including bilateral medial and lateral prefrontal regions

(such as the medial frontal gyrus, inferior, middle and superior OFC), bilateral posterior

cingulate cortex, reaching into the precuneus, left middle temporal gyrus, and left angular

gyrus. No significant cluster emerged in the reversed contrast (sess2 > sess1; Table 2).

Analysis of task-dependent connectivity of the aMCC across sessions revealed a contrary

picture (Table 2, Fig. 4). While no cluster showed differential connectivity during the first

session, CS+-specific co-activation during the second session could be observed in the right

middle and anterior insula, right sensorimotor cortex, including precentral gyrus and SMA,

and right cerebellum. No cluster was found to be preferentially connected to the aMCC in

CS− trials.

Discussion

The current study aimed at investigating the neural correlates of chemosensory Pavlovian

conditioning, and at relating observed effects to the process of salience attribution and

adaptive control. While no differential response to CS+ and CS− could be found at the

behavioral and electrophysiological levels, a robust differential response to the CS+

emerged on a neural level, including frontal, temporal, occipito-parietal and subcortical

brain regions. Additional ROI analyses revealed a significant impact of aversive

conditioning on the primary olfactory cortex and the amygdala. By means of functional

connectivity analysis, the network dynamics related to salience attribution and adaptive

control were investigated as a function of conditioning, using aMCC as seed region. The

connectivity profile of the aMCC reveals a strengthening of CS+-specific coupling with the

right insula, sensorimotor cortex and cerebellum, which are the main input and output

structures of the aMCC for exerting adaptive control. In contrast, task-unspecific

connectivity throughout the brain decreased, implying a sharpening of the aMCC

connectivity profile as a result of conditioning.

Pavlovian conditioning within the chemosensory system

Using a differential olfactory-trigeminal conditioning paradigm, we could demonstrate the

emergence of a robust differential cerebral response to the olfactory CS+ which is

suggestive of successful conditioning. While no difference in CS induced activation was

evident during the first session (except for a small cluster in the middle temporal pole), a CS
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+-specific increase of activation led to a significant differentiation of CS+ and CS− in a

large-scale network in the second session. These brain regions included bilateral mid-and

medio-dorsal PFC, sensorimotor and cingulate cortices, superior and inferior parietal

lobules, temporal and occipital areas, right frontal operculum and inferior OFC, as well as

the bilateral thalamus, all of which have been reported in other studies on aversive

conditioning with varying consistency (for review, see Mechias et al., 2010; Sehlmeyer et

al., 2009), but also in studies on pain (Iannetti and Mouraux, 2010) and emotion (Kober et

al., 2008). In particular, activation of the dACC/aMCC constitutes one of the most consistent

findings in aversive conditioning (Mechias et al., 2010). Our results imply that this finding

can now be extended to the chemosensory modality as well. Additional ROI analyses

revealed significant modulation of activation in the left amygdala and right POC, thereby

replicating another well-known effect of aversive conditioning. The latter finding parallels

reports of enhanced activation of primary sensory cortices in response to auditory and visual

CS (e.g. Dunsmoor et al., 2007; Klucken et al., 2009). This phenomenon is mainly

interpreted as modality-specific tuning of the sensory cortex as a result of conditioning,

which allows enhanced encoding of the emotionally and motivationally significant stimulus

(Weinberger, 2004). Consistent with this, recent studies on chemosensory event-related

potentials (ERP) have shown a modulation of ERP components as early as the N1 by pain

expectancy, supporting an effect of salience on the very first sensory processing levels

(Bulsing et al., 2007, 2010). In our study, the differential response was more pronounced in

the right POC, which might result from the right-sided olfactory stimulation and subsequent

ipsilateral projections into the POC (Gottfried, 2006). The primary olfactory cortex is also

discussed as a chemosensory integration area (Albrecht et al., 2010; Lundstrom et al., 2011),

which might support the formation of olfactory-trigeminal associations during aversive

conditioning.

With regard to the amygdala, a similar response pattern was found, however against the

background of a general de-activation in response to both CS. This deactivation can be

explained by the fact that ‘percent signal change’ takes the pre-stimulus activation level into

account. Closer inspection of amygdala activation revealed a significant signal increase in

response to the preceding attention cue, which resulted in a relative decrease of CS induced

activation in the ROI analysis (see Supplementary material, Fig. S2). This activation pattern

of the amygdala is consistent with numerous studies that showed heighted activation in

response to ambiguity, especially in anticipation of a potential thread (Hsu et al., 2005). Our

subjects largely remained contingency-unaware and might thus have reacted to the attention

cue with heightened arousal in anticipation of the aversive event. The additional

development of a differential amygdala response suggests that the CS+ has undergone a

change in stimulus characteristics as a result of repeated pairing with the US. According to a

recent meta-analysis on amygdala activation (Cunningham and Brosch, 2012), and also

consistent with our hypothesis of salience attribution, this change could reflect increased

emotional stimulus relevance of the CS+ which successively became a predictor of the US.

Conversely, CS− induced activation tended to decrease as a result of reduced association

with threat. Finally, although the lateralization of the amygdala is still a matter of debate (for

review, see Baas et al., 2004; Costafreda et al., 2008), the involvement of the left amygdala

in the present study is consistent with the recent finding that the left superior amygdala
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showed strongest co-activation with frontal regions which were identified in a central

network for emotion processing (Kober et al., 2008; Wager et al., 2003).

The present results therefore suggest that aversive conditioning within the cerebral

chemosensory system is possible, with substantial resemblance to neural correlates of

aversive conditioning in other modalities. Despite a general high variability of structures

reported in classical conditioning studies, which is attributed to methodological differences

as well as generally weak effects (Mechias et al., 2010), the combined interpretation implies

a common, modality-unspecific mechanism underlying emotional learning and salience

processing (as discussed below).

Dissociation of neural, electrodermal and behavioral responses in aversive conditioning

Although a robust differential response to CS+ and CS− could be found on the neural level,

this was not the case for electrodermal and behavioral reactions. This stands in sharp

contrast to US-containing trials, which constantly elicited a significant increase in

electrodermal response, as well as reduced valence and increased intensity ratings, thereby

confirming sufficient aversiveness of the trigeminal stimulus. The dissociation of neural,

autonomous and behavioral conditioning effects was systematically studied in a series of

fMRI experiments (Klucken et al., 2009; Tabbert et al., 2006, 2011). These could

demonstrate that all subjects showed conditioning effects on the neural level, while effects

on electrodermal response and valence ratings were only found in contingency-aware

subjects. Contingency awareness describes the ability to verbalize the relationship between

CS and US, and has been discussed as a prerequisite for autonomous and evaluative

conditioning, dating back as early as 1937 (Hilgard et al., 1937). Although this topic is still a

matter of debate, the majority of studies support this hypothesis (for review, see Lovibond

and Shanks, 2002). Of special interest is one study using olfactory CS and a painful shock as

US in which conditioned SCRs were only observed in aware subjects, and only after the

onset of awareness of the CS+_US contingency (Marinkovic et al., 1989). In the present

study, all subjects except for one were not able to verbalize the systematic association

between odors and CO2, suggesting that our sample was largely contingency-unaware,

which in turn explains the lack of conditioning effects on autonomous and behavioral

measures. One can speculate that prolonged exposure to the conditioning procedure might

have fostered contingency awareness, resulting in significant responses to the CS+ in

behavior and electrodermal activity. The use of a fairly low intermittent coupling rate of

60% (Leonard, 1975), as well as olfactory habituation, which leads to a progressive

degradation of the olfactory percept (Dalton, 2000), might have slowed the emergence of

contingency awareness. In addition, the use of interspersed US trials reduced the predictive

value (or “information” according to Rescorla, 1988) of the CS+, which may have resulted

in a slowing of the conditioning process. Another aspect which might have counteracted

conditioning is the fact that both odors were rated as mildly pleasant, and it is known that

positively valenced CS are more difficult to be conditioned to an aversive US. This

procedure, also known as counter-conditioning (Bouton, 2004), is associated with slower

development of a conditioned response (Nasser and McNally, 2012). Finally, the sense of

smell primarily acts beyond consciousness (Koster et al., 2002), presumably due to its

unique anatomical (i.e. no thalamic intermediary; Carmichael et al., 1994; Gottfried, 2006)
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and physiological (i.e. rapid central and peripheral sensory adaptation; Best and Wilson,

2004) properties. This particularity of the sense of smell might pose additional constraints

on the acquisition of contingency awareness for odors.

Conditioned brain activation as an adaptive control response

When comparing CS-induced brain activation in the second session, most pronounced

effects were found in a cluster involving the middle frontal gyrus, extending laterally into

the DLPFC, and medially into the dorsomedial superior frontal gyrus, aMCC, pMCC, and

SMA. This cluster can be best interpreted in the context of executive function and motor

control in the face of perceived salience. Recent findings on connectivity patterns and

behavioral–functional profiles of the cingulate cortex imply a successive integration of

salience and adaptive motor control along an anterior-to-posterior axis, which might

culminate in the execution of a motor response (Beckmann et al., 2009; Torta and Cauda,

2011). A first integration might take place in the anterior portion of the MCC, the aMCC,

which has already been introduced as key node of the salience network (see Introduction).

While the ventral portion of the aMCC has been shown to be preferentially connected with

structures of the ventral attentional system implicated in emotion and salience detection, the

dorsal portion shows stronger connectivity with structures associated with the dorsal

attentional system involved in goal-directed behavior and executive function (Beckmann et

al., 2009; Torta and Cauda, 2011). The integrative function of the MCC in dedication to

salience-guided motor control is also reflected in the so-called cingulate zones, which have

first been described in the macaque as somatotopically organized premotor areas and are

assumed to exist in humans as well (Picard and Strick, 2001). While the rostral cingulate

zone (RCZ) in the aMCC relates to more cognitive and motivational aspects of action

control (e.g. reinforcement-guided action selection), the caudal cingulate zone (CCZ) in the

pMCC is implicated in rather basic aspects of movement control and spatial attention

(Picard and Strick, 2001; Shackman et al., 2011). Interestingly, while the observed response

of the MCC suggests the activation of all three cingulate zones, the location of our aMCC

seed region, deep within the cingulate sulcus, seems to specifically coincide with the

anterior RCZ. Taken together, our finding of a joint activation of the entire MCC with

instances of the ventral attentional system (e.g. right frontal operculum and inferior OFC,

bilateral mediodorsal thalamus), dorsal attentional system (e.g. bilateral dorsal PFC and

superior parietal cortices) and motor system (e.g. bilateral SMA, left premotor area) suggests

that subjects learned to mobilize the adaptive control system upon detection of the CS+ in

anticipation of the painful US. This is consistent with other studies on aversive conditioning

and pain discrimination, which repeatedly reported activation of the dACC/aMCC and

SMA, independent of whether motor responses were included in the paradigm or not (Oertel

et al., 2012; Peyron et al., 2000; Spoormaker et al., 2011; Tabbert et al., 2005). Referring to

motor responses, it is very likely that the instrumental response in our study, in which

subjects had to press a button in order to avoid an increase of US intensity, added to the

motor-related activity in response to the CS+. Subjects might have prepared to press the

button upon CS+ detection as a result of conditioning, which, however, can be regarded as

another instance of the adaptive control response to the CS+. This interpretation is partly

supported by the improvement of response times in the second session, which tended to be

more pronounced for the CS+_US compared to the US-only condition.
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Functional connectivity of the aMCC during chemosensory Pavlovian conditioning

The idea of the aMCC/dACC as part of the salience network is based on studies using

various experimental approaches, such as task-based fMRI (Downar et al., 2003; Drabant et

al., 2011; Mouraux et al., 2011), resting state functional connectivity fMRI (Cauda et al.,

2011; Seeley et al., 2007; Taylor et al., 2009), and psychophysiological interaction (Wiech

et al., 2010). In our study, the development of a preferential CS+-specific connectivity of the

right aMCC with the right central and anterior insula, sensorimotor cortex, and cerebellum

in the second half of the experiment is in favor of this network hypothesis. No enhanced

task-dependent connectivity of the aMCC with any other brain region was found in the CS−

condition, and in both CS conditions during the first session. In contrast, task-independent

connectivity of the aMCC decreased from session 1 to session 2. While significant coupling

with the aMCC was observed in mediofrontal brain regions, PCC, precuneus, left angular

and middle temporal gyrus during the first session, no brain region showed task-independent

connectivity with aMCC during the second session. These data imply a sharpening of the

connectivity profile of the aMCC, which was unspecific at the beginning of the conditioning

task and rather related to the default mode network (Greicius et al., 2003), but gained

specificity during the course of the experiment, with AI as putative input structure, and

sensorimotor areas as putative output structure in the context of salience processing and

adaptive control. In accordance with this hypothesis, activity of the salience network, and

more specifically of the right AI, has been shown to entrain activity in other brain regions

(Sridharan et al., 2008), which finally leads to a network switch from an internally oriented

default mode (i.e. default mode network) to an externally oriented mode of executive control

for efficient operation on the identified salience (i.e. executive control network; Menon and

Uddin, 2010; Seeley et al., 2007). The right-sided lateralization of brain regions showing

task-dependent connectivity likely results from the localization of our aMCC seed region

within the right hemisphere. Independent of anatomical connectivity, previous studies

suggest a right-sided dominance for salience processing in the AI (Craig, 2009; Eckert et al.,

2009). Another finding with relevance for the present results is the AI’s involvement in the

coding of prediction errors with respect to subjective feeling states and risk (Singer et al.,

2009), which is reflected in Damasio’s well-known somatic marker hypothesis (Damasio,

1994). Prediction error coding represents a major theoretical framework of Pavlovian

conditioning (Ludvig et al., 2012), and has been shown to apply to the AI as well

(d’Acremont et al., 2009; Seymour et al., 2004). The increased connectivity between the AI

and aMCC implies that a risk prediction error was generated in the AI upon detection of the

CS+, which in turn entrained activation of the adaptive control system.

Finally, the CS+-specific connectivity of the aMCC included a cluster in the right

cerebellum which was situated in lobule VI and extended crus I and lobule VIIa. The

involvement of the cerebellum, especially of the phylogenetically younger lobules VI–VII

(Kelly and Strick, 2003), in non-motor functions has repeatedly been shown (for review, see

Stoodley, 2012). A recent connectivity study identified distinct, largely non-overlapping

regions within the cerebellum which contribute to intrinsic connectivity networks of the

brain (Habas et al., 2009). In line with our hypothesis of salience attribution and adaptive

control, the cerebellar activation observed in the present study almost perfectly overlaps

with the portion of the cerebellum which was identified as part of the salience network.
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Habas and colleagues propose that lobule VI–crus I might be involved in the modulation of

subcortical structures involved in salience processing. Interestingly, the authors could also

show that the only overlap of networks within the cerebellum was found between the

salience and sensorimotor network, suggesting a complementary link of salience detection

and limbic motor control on the cerebellar level. Adding to these findings, the present results

suggest that the cerebellum contributes to complex salience mechanisms, which might

include the preferential allocation of arousal or alertness to instances of the salience

network, or even the attribution of salience and adaptive response selection. From a clinical

perspective, this might be of relevance in view of diagnosis and therapeutic interventions

after cerebellar lesions, given that a disruption of the salience network should result in a

wide array of cognitive deficits (e.g. attention and flexibility, emotion and motivation,

executive functions), which are indeed often found after cerebellar stroke (e.g. the cerebellar

cognitive affective syndrome, CCAS; Schmahmann and Sherman, 1998; for review, see

Stoodley and Schmahmann, 2010).

Limitations and outlook

One limitation of the present study is the assessment of contingency awareness by means of

self-report without an additional standardized multiple-choice questionnaire or rating task

(Klucken et al., 2009; Lovibond and Shanks, 2002). Free recall is less sensitive than

recognition tests (Dawson and Reardon, 1973), which might have limited the sensitivity of

our awareness measure. However, subjects were instructed to mention anything that came to

their mind regarding the relationship of odors and CO2. There was no time pressure, and an

impact of forgetting or interference was minimized by assessing contingency awareness

immediately following the conditioning experiment. We explicitly refrained from using a

continuous expectancy measure during the experiment, as this measurement approach

directly affects contingency awareness by drawing the attention to contingencies, and is

therefore questionable in terms of validity (Lovibond and Shanks, 2002).

Another limitation is the use of interspersed US trials (necessary in the context of fMRI)

which reduces the predictive value of the CS+ due to decreased contingency (Rescorla,

1988). Using an intermittent reinforcement schedule with reduced contiguity, the predictive

value of CS+ was further lowered. However, the probability of p(US| CS+) = 0.57 was still

substantially greater than the probability p(US| ~ CS+), which is 0.25. Altogether, the

current reinforcement schedule should allow for sufficient contingency and contiguity

between US and CS+, though conditioning might evolve rather slowly and might not have

been completed by the end of session 2. These circumstances might contribute to the present

findings of a differential response on the neural, but not on the behavioral and electrodermal

level.

Finally, the absence of behavioral and electrodermal conditioning effects does not allow a

clear-cut interpretation of the results. In order to acknowledge the differential response on

the neural level as a result of aversive conditioning, it should at best be linked to differential

effects in behavior and/or electrophysiology. Although the lack of contingency awareness

offers an explanation for the present findings, the introduction of a second, contingency-
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aware group would be desirable to unequivocally interpret brain activation in the context of

conditioning in future studies.

Adding to this, it would be of clinical interest to apply chemosensory conditioning for

testing certain neurodegenerative diseases given the fact that olfactory deficits are amongst

the most precocious signs heralding Parkinson’s disease, Huntington’s disease, and other

neurodegenerative conditions (Ruan et al., 2012).

Conclusions

In conclusion, the present findings suggest that Pavlovian aversive conditioning is a suitable

approach for characterizing the dynamics of salience attribution and adaptive control.

Repeated coupling of a previously neutral CS with a noxious US led to enhanced

connectivity of the aMCC with regions implicated in salience detection and effective motor

control. These changes were paralleled by the emergence of differential, large-scale network

activation in response to the CS+, thereby demonstrating substantial similarities of

conditioning within the chemosensory and other sensory systems. The independence from

effects on the behavioral and autonomous level implies that changes on the neural level do

not instantaneously result in the effective generation of adaptive responses. The transition

from a neural-only to a multilevel response might be a function of contingency awareness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Overview of the experimental design. An exemplary trial without rating, and a trial with

valence rating are depicted. Intensity ratings of the CS were illustrated as clouds of

increasing shape, whereas aversiveness ratings were illustrated as flashes of increasing

shape along the scale. In this example, rose is assigned to the CS+, and vanillin to the CS−

condition.
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Fig. 2.
Bar graphs displaying mean behavioral performance (A) and autonomous response (B)

across sessions. A main effect of condition could be found for intensity (A1) and valence

ratings (A2), with higher intensity and reduced valence ratings for the bimodal CS+_US

compared to pure olfactory conditions (CS−, CS+). No significant difference was found

between CS+ and CS− in both sessions in either rating. Button presses in response to the US

were more accurate for US-only conditions (i.e. main effect of condition, A3), whereas

response times were faster in the second compared to the first session (i.e. main effect of

session, A4). A main effect of condition also emerged for autonomous variables, with

increased amplitude (B1) and number of skin conductance responses (SCRs, B2) in US-

containing conditions (CS+_US, US), compared to only-olfactory conditions (CS+, CS−).

Event-related SCR-curves are shown in B3) as condition-wise group average of the

stimulus-locked time-window (−2 to 12 s). Analysis was performed in the time window

from 2 to 10 s after stimulus onset. Abbreviation SE: standard error of the mean, *pcorr < .

05.
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Fig. 3.
Differential BOLD effects to CS+ and CS− as a result of conditioning. A: SPM{T}-maps

displaying significantly increased activation to CS+ compared to CS− during the second

session. No suprathreshold voxel was observed in the reversed contrast. Bar graphs of

contrast estimates (±standard error of the mean) are plotted for selected peak voxels of the

corresponding cluster (paracentral lobule: [3–26 72], supplementary motor area (SMA): [−8

–5 71], medial prefrontal cortex (PFC): [3 2 54], precuneus: [2–26 72], middle cingulate

cortex (MCC): [0 2 39], superior temporal gyrus (STG): [68–47 15], frontal operculum: [54

21–2], middle frontal gyrus (MFG): [29 45 32], posterior cingulate cortex (PCC): [3–36 29],

anterior MCC (aMCC): [8 23 29]). x-, y-, and z-coordinates are referenced to MNI space. B:

bar graphs displaying mean percent signal change (±standard error of the mean) in the left

amygdala and right primary olfactory cortex (POC) in response to CS+ and CS− in the first

and second session. *pcorr < .05.
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Fig. 4.
Task-dependent and -independent connectivity of the aMCC across sessions was assessed by

psychophysiological interaction (PPI) analysis. Using a 10 mm sphere around the peak voxel

at [8 23 29], significant coupling of the aMCC with other voxels throughout the entire brain

was determined across sessions, and in dependence or independence of CS-conditions (CS+,

CS−). Using a cluster-correction procedure, task-unspecific coupling was only found during

the first session, including the left middle temporal and right angular gyrus, bilateral medial

prefrontal cortex (PFC), as well as bilateral posterior cingulate cortex (PCC). No cluster

appeared to be significantly correlated in a task-unspecific manner during the second

session. In contrast, while no cluster was found to show task-specific connectivity with the

aMCC during the first session, a network including the right sensorimotor cortex, insula and

cerebellum was significantly correlated with the aMCC, whichwas specific for the CS

+condition. No such couplingwas observed for the CS−condition in the second session.
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