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Abstract
Rationale The cholecystokinin (CCK) and opioid neuro-
modulatory systems work in an antagonistic fashion and
can modulate emotional states and noxious input in
opposite directions. In this behavioral study, we generalize
this idea and suggest that CCK and opioids can modulate
the processing of other external signals, e.g., visual stimuli
rather than only noxious input.
Objectives The objective of this study was to determine
whether CCK and an opioid agonist could modulate the
emotional experience of visual stimuli.
Materials and methods Thirteen healthy male volunteers
viewed standardized pictures with either neutral or unpleasant
content. Simultaneously, one of three treatments was admin-
istered in a randomized, double-blind crossover design: the
CCKb receptor agonist pentagastrin (0.1 μg/kg), the mu-
opioid receptor agonist remifentanil (0.0625 μg/kg), or
saline. Self-ratings of the emotional experience of pictures
and drugs were sampled together with psychological tests
and recording of heart rate.
Results Pentagastrin treatment increased the rating of
unpleasantness for both neutral and unpleasant pictures,

while it decreased the rating of pleasantness for the neutral
pictures. These effects did not correlate with the degree of
general unpleasantness induced by the drug. Remifentanil
treatment increased the pleasantness for the neutral pictures.
While pentagastrin treatment induced a heart rate increase,
unpleasant pictures induced a heart rate decrease, and the
magnitude of change in heart rate correlated positively for
these conditions.
Conclusions This study shows that the CCK and the opioid
system modulate how external stimuli are emotionally
perceived, suggesting a possible involvement in affective
disorders.

Keywords CCK . Opioid . Emotion . Autonomic response .

Visual stimuli . Perception

Introduction

Emotion and pain are both powerful regulators of behavior.
However, subjective pain and emotional experiences are not
directly related to sensory input. Instead, the response to a
standard input is variable and depends on both the context
and the internal state of the subject (Frith and Dolan 1997;
Mesulam 1998). For example, it has been shown that top-
down mechanisms can interact with both the processing and
the experience of noxious (Colloca and Benedetti 2005;
Melzack and Casey 1968; Petrovic et al. 2002; Sullivan et al.
2001; Turner et al. 2000) and emotional stimuli (Mobbs
et al. 2006; Petrovic et al. 2005). Attentional processes such
as distraction (Hodes et al. 1990; Petrovic et al. 2000),
coping with aversive situations (Weisenberg 1998), and the
placebo response (Colloca and Benedetti 2005) are all
examples of top-down regulatory mechanisms of pain.
Similar top-down mechanisms have been suggested for
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emotional processes (Ochsner and Gross 2005). In affective
disorders, emotionally negative input is often described as a
disproportionally negative experience. While a marker for
depression is anhedonia and negative views of all experi-
ences, anxiety is often linked to increased specific fear
processing for external stimuli (Sadock and Sadock 2003).
Thus, studying how top-down control can change the
emotional experience of external stimuli is important both
for understanding affective disorders and developing new
treatment strategies. In this study, we examined neuro-
modulation of emotional perception in healthy controls
using pharmacological manipulations of systems believed
to be involved in both cognitive control and affective
disorders.

We have previously suggested that top-down cognitive
control mechanisms may be effected by specific descending
neuromodulatory systems to regulate ongoing possessing of
pain (Petrovic et al. 2002) and emotions (Petrovic et al.
2005). One example of top-down modulation where the
involved neuromodulatory system is partly known is
placebo analgesia. This process activates the endogenous
opioid system to suppress pain, as indicated by naloxone
(an opioid receptor blocker) – induced attenuation of the
placebo analgesic response (Colloca and Benedetti 2005;
Levine et al. 1978). Similarly, the cholecystokinin (CCK)
antagonist proglumide can reduce pain perception by
interacting with expectation pathways and, thereby, en-
hancing the placebo analgesic response (Benedetti et al.
1995, 2006; Benedetti 1996). These studies emphasize the
role of the CCK–opioid system in cognitive processing and
indicate that they may act in antagonistic directions, in line
with the findings that opioids act as analgesics and CCK
agonists as anti-analgesics (Cesselin 1995; Fields and
Basbaum 1999; Hebb et al. 2005).

Apart from the interaction with the regulation of pain,
these top-down neuromodulatory systems seem to have a
direct effect on mood (Hebb et al. 2005). For example,
administration of opioids induces a sensation of pleasant-
ness (Berridge 2003; Koob et al. 1989), contrary to CCK
agonists that induce unpleasantness and anxiety (Bradwejn
et al. 1991; Radu et al. 2002, 2003). In higher doses,
administration of a CCK agonist induces panic attacks (de
Montigny 1989), and patients suffering from anxiety
disorders seem to be more sensitive to CCK treatment
(Bradwejn et al. 1991, 1992; de Leeuw et al. 1996),
suggesting a regulatory role for the peptide in these
disorders (Hebb et al. 2005 ; Singh et al. 1991).

Accordingly, the CCK and the opioid system can
antagonistically affect pain and emotion. Moreover, they
overlap anatomically (e.g., in anterior cingulate cortex
(ACC) and periaqueductal gray; Beinfeld et al. 1981),
suggesting a functional relation. While it has been shown
that both systems directly regulate pain processing, it has

not yet been demonstrated if they, in a similar way, can
modulate the emotional valence of other external stimuli.
We hypothesize that the regulatory role of these systems
can be generalized to an overall emotional regulation
(including how we perceive the external world) invoked
by prefrontal cognitive and motivational goals. In the
present study, we investigated if pharmacological treatment
with CCK and opioids could modulate the valence of visual
stimuli using the international affective picture system
(IAPS; Lang 1999; Lang et al. 1999) displaying either
unpleasant or neutral content. The induced emotional state
was manipulated with the CCKb-receptor agonist pentagas-
trin and the mu-opioid receptor agonist remifentanil. We
predicted that pentagastrin would increase the perception of
unpleasantness in the pictures, whereas remifentanil would
decrease the unpleasantness in the pictures.

Materials and methods

Subjects

A double-blind, placebo-controlled, repeated measurement
design was conducted in 13 healthy male volunteers. The
included subjects were right-handed, non-smokers, 20–
34 years of age (mean=25 years, SD=4) with no present
or past history of substance dependence or psychiatric
illness. Experimentally induced emotions were achieved by
exposure to affective pictures and pharmacologically
manipulated with two drugs and placebo. Self-ratings,
psychological tests, and physiological parameters were
recorded. All experimental procedures were approved by
the regional ethical committee in Stockholm.

Design

Twelve sets of neutral and twelve sets of unpleasant
pictures, each containing seven pictures, were selected
from the emotional standardized photographic material
IAPS (Lang 1999). Pictures were chosen as to balance the
sets for arousal and emotional valence. This was based on
the published data for a relevant population (adult male
subjects) as given in the instruction manual and affective
ratings (Lang et al. 1999). The reference population used
scales ranging from 1–9, where higher number indicated
higher intensity of arousal and positive valance. Applied
reference values were based on a study made by Bradley et al.
(2001). Data on the selected images are given in Table 1.

Picture selection

Based on a study made by Bradley et al. (2001), we defined
neutral pictures as all pictures with a valance value of 4.30
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to 5.90 and an arousal value of 1.55 to 3.75 (Table 1). We
used a more lenient inclusion criterion for pictures contain-
ing faces to increase the total amount of face stimuli and
balance the blocks (valance value of 4.12 to 6.06 and
arousal values ranging from 1.55 to 5.04). Every neutral
block contained seven pictures including three images
displaying face stimuli and four pictures displaying a non-
facial motive that were randomly assigned from each
category. The unpleasant pictures could be divided into
four different categories depending on their motive:
mutilated faces, mutilated human body parts, unpleasant
motives displaying a face, or an unpleasant motive with a
non-facial content. The valance and arousal threshold for
the three first categories was <4 and >5, respectively;
corresponding values for the last category were <3.5 and
>5. Every unpleasant block of pictures contained seven
pictures (randomly assigned from each category) including
four face stimuli (two mutilated and two non-mutilated),
one with mutilated body parts without any shown face and
three with a non-facial content. A few of the IAPS pictures
were considered as dated or not carrying relevant emotional
information in the Swedish culture and were therefore
excluded.

Picture set composition

We randomly assigned pictures to the 24 sets (12 neutral
and 12 unpleasant blocks). The neutral blocks displayed an
average value of 4.93–5.26 (range) in valance and 2.51–
3.25 in arousal (Table 1). The six blocks with an average
arousal value closest to 5.00 were included in the
experiment, and the remaining blocks were included in
the recognition test as unfamiliar pictures. Every unpleasant
block displayed an average of 2.28–2.81 in valance and an
average of 5.53–6.38 in arousal. The six blocks with the
lowest valance value were included in the experiment and
the other six in the recognition test.

Time line

Information pertaining to the experiment was given both as
oral and written instructions to the subjects. Screening
questionnaires for state/trait, anxiety level, and depression
were given before the experiment. The subjects were
presented to twelve consecutive picture blocks with every
other displaying a neutral or an unpleasant content (Fig. 1).
Before each presentation, the participants were injected
intravenously with one of three possible drugs: (1)
pentagastrin (0.1 μg/kg) (Pentagastrin®, John Bell Croy-
den, England), (2) remifentanil (0.0625 μg/kg) (Ultiva®,
Glaxo Smith Kline), or (3) saline (placebo). During the
experiment, heart rate was sampled every 10 s (Ohmeda,
Biox 3740 pulsoximeter, model 15). After each presentation
block self-ratings of the subjects’ emotional experiences
were performed with visual analogue scales (VAS) and the
State-Trait Anxiety Inventory—State (Spielberger et al.
1970). Additionally, oral descriptions of subjective experi-
ences were written down. When all the twelve blocks had
been presented, a surprise recognition test was conducted
20 min after the last picture presentation.

Experimental procedures

The screening included the following queries: general
information, Edinburgh Handedness Inventory, the Swedish
Universities Scales of Personality (Gustavsson et al. 2000),

Fig. 1 The experimental setup. The bottom row displays 12 picture
blocks, six neutral (dark grey) and six unpleasant (light grey); between
each block is a 10-min pause (white boxes). Top row: one block

contains seven pictures (grey boxes), between each picture is a pause
(+) varying from 4 to 6 s

Table 1 Reference values for picture selection and picture set design

Valance Arousal

Selection of pictures
Neutral pictures 4.30–5.90 1.55–3.75
Neutral pictures displaying faces 4.12–6.06 1.55–5.04
Unpleasant pictures <4 >5
Unpleasant pictures displaying
non-mutilated faces

<3.5 >5

Picture sets (average range)
Neutral picture sets 4.93–5.26 2.51–3.25
Unpleasant picture sets 2.28–2.81 5.53–6.38

Pictures used in the experiment were taken from the emotional
standardized photographic material IAPS (Lang 1999; Lang et al.
1999). The scales range from 1–9, where higher number indicates
higher intensity of arousal and positive valance. Each picture set
contained seven pictures and were balanced for facial and non-facial
content. The presented values represent the average of the pictures
valance and arousal
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Montgomery–Asberg depression scale (Montgomery and
Asberg 1979), State-Trait Anxiety Inventory (STAI;
Spielberger et al. 1970), and Anxiety State Index (Reiss
et al. 1986). These tests were used to screen subjects before
inclusion, and in a latter stage serve as data correlating
individual data with behavioral observations.

Each drug treatment occurred four times during the
experiment and was administered as an open procedure
with unknown syringe content both for the subject and the
doctor injecting the drug (double-blind design). The
procedure of administering the drugs was performed in a
highly organized manner to keep the double blindness.
Before every picture trial, three injections were given. The
first syringe was given during 40 s and could contain either
remifentanil or saline; the second syringe was given quickly
(5 s) and could contain either pentagastrin or saline, and the
third syringe always contained saline and was given during
10 s. After the injections were performed, approximately
30 s passed before the picture presentation started.
Remifentanil was given during a longer time to avoid
adverse effects that can easily be provoked by a quicker
administration. In addition, remifentanil reaches its peak
blood concentration after approximately 60 s (Michelsen and
Hug 1996) and has an approximate half time of 3 min (Beers
and Camporesi 2004), i.e., there was a significant effect
during the whole picture presentation. Previous studies with
pentagastrin have shown a peak autonomic response after
50 s (Radu et al. 2003). Importantly, the symptoms decline
very quickly for pentagastrin and usually disappear after
4 min (Radu 2005). Conclusively, the idea was to catch the
maximum effect of the drugs during the picture trials.
However, these peak and half-times are only approximate
and vary highly inter-individually.

We chose to use a dose of 0.1 μg/kg pentagastrin to
induce reliable emotional responses but avoid inducing
panic attacks (the lowest panicogenic dose of pentagastrin
described to be psychotropic is 0.11 μg/kg (Abelson and
Liberzon 1999), and a dose of 0.05 μg/kg can induce both a
significant increase of autonomic responses and experi-
enced discomfort (Radu et al. 2003)). The same logic was
applied for remifentanil treatment. We performed a pilot
study in which we chose a remifentanil dose that did not
induce strong unspecific drug effects of drowsiness and
nausea, but still had an effect on emotional perception.

The pictures presented with the drugs were either of
neutral or unpleasant content giving rise to a 3×2 (drug ×
picture) block design with six possible experimental
conditions: (1) pentagastrin treatment with neutral pictures
(PN), (2) pentagastrin treatment with unpleasant pictures
(PU), (3) remifentanil treatment with neutral pictures (RN),
(4) remifentanil treatment with unpleasant pictures (RU),
(5) saline (placebo) treatment with neutral pictures (SN), and
(6) saline treatment with unpleasant pictures (SU). The

order of treatments was randomized in two main blocks,
with the reservation that two drug treatments of the same
kind could not be consecutive as to avoid pharmacological
adaptation. The block randomizations occurred in a similar
way; a neutral block was always followed by an unpleasant
and vice versa. Furthermore, all participants were shown
the same blocks but in an individualized random order. The
pictures were displayed on a 1×1-m screen 1.5 m in front
of the subject. The picture blocks duration was approxi-
mately 70 s, and between every block presentation was a
10-min pause. Each picture was displayed for 5 s, between
every picture was a pause that was either 4, 5, or 6 s so the
subjects could not expect when the stimulus would be
presented. The order of pictures and pauses were random-
ized in advanced in each picture set and did not vary between
the subjects. During the picture presentations, the subjects
were instructed to concentrate on the center of the screen.
Before the presentations and during the pauses between the
pictures, a hair-cross was displayed. Subjects were instructed
to fixate on the cross in between the pictures and keep that
fixation during the picture presentation.

Subjective experiences of the pictures and the drug
effects were rated after each presentation with six 100-mm
VAS (ranging from “minimum” to “maximum”). The scales
rated the: (1) unpleasantness of the pictures’ contents, (2)
unpleasantness of the drug, (3) pleasantness of the pictures’
contents, (4) pleasantness of the drug, (5) concentration
(mental focus) on the pictures, and (6) drowsiness. We
specifically emphasized to the subjects that they should
separate how they perceived the drug itself and how the
perceived the pictures. Upon questioning after the experi-
ment, all subjects indicated that they had maintained a
separation of these two ratings.

The recognition test was performed 20 min after the last
picture presentation and included all 84 pictures presented
in the experiment and 84 unfamiliar pictures from the block
design. Each picture was displayed for 3 s, and between every
picture was a 2-s pause. As soon as the picture was shown, the
subjects judged as quickly as possible if the picture had
occurred in the experiment or not by pressing a button.
Participants were asked to emphasize accuracy, not speed. A
total number of 168 pictures were shown consecutively.
Reaction time and errors were of interest, linking the two
parameters to the pictures’ experimental condition.

Statistical analysis

The statistic analysis of the VAS ratings and the score in the
recognition test was carried out using non-parametric tests.
Friedman’s test was used to calculate the main effect of
picture content and drug effect, while the Wilcoxon signed
rank test evaluated the specific contrasts. The correlation
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analysis examining the relationship between the STAI and
the VAS ratings was carried out using the non-parametric
test Spearman’s rho. A parametric two-way repeated
measurement analysis of variance analyzed the main effects
of drug treatment and picture content on heart rate and
reaction time. Specific contrasts were then evaluated with
the Student’s t test. A value of P<0.05 was considered as
significant. All the results from the specific contrasts (both
parametric and non-parametric) were corrected for multiple
comparisons using the Bonferroni correction.

Results

Background data

Subjects reported slightly higher levels of concentration
when exposed to unpleasant pictures than neutral pictures
(F=58.5, P<0.001), but no difference was found between
drugs (Table 2). They also reported low levels of
drowsiness (mean VAS=11.75, SD=8.70). Subjective
ratings for drowsiness were significantly different for both
drugs (F=27.8, P<0.001) and picture types (F=48.6,
P<0.01). The subjects reported less drowsiness for un-
pleasant pictures, but more drowsiness with remifentanil

irrespectively of picture content [(neutral pictures) W=44.5,
P<0.001; (unpleasant pictures) W=39.0, P<0.001]. Penta-
gastrin, on the other hand, did not significantly affect
drowsiness in comparison to saline (Table 2).

We observed no effect from the drugs (F=1.55, n.s.) on
memory performance in the recognition test. However, the
picture content showed a small but yet significant effect on
memory in that the unpleasant images were slightly better
remembered than neutral images (F=43.6, P<0.01; Fig. 2)
with no differences in reaction time (picture type: F=1.50,
n.s., drug type: F=1.88, n.s.).

Effects of the drugs on how the pictures were perceived

Ratings of how unpleasant the pictures were perceived

As expected, the ratings of the experienced unpleasantness
for the different picture types (unpleasant/neutral content)
were significantly higher for the unpleasant images than for
neutral images (F=68.1, P<0.001; Fig. 3a). Furthermore,
there was a main effect for drug type on the experience of
how unpleasant the pictures were perceived (F=14.2,
P<0.001). After pentagastrin injection, the subjects rated
the pictures as more unpleasant, both in the case of neutral
images (Wilcoxon signed rank test, W=24.5, P<0.01) as

Table 2 The self-ratings for concentration (mental focus) and drowsiness for each experimental condition

Concentration SN PN RN SU PU RU

Average 80.35 68.81 75.31 85.58 84.31 78.31
SD 18.02 18.75 20.40 12.90 12.24 14.85

Drowsiness SN PN RN SU PU RU
Average 5.23 9.62 22.73 3.62 6.65 22.65
SD 3.90 10.56 19.12 3.00 8.67 14.24

SN Saline neutral pictures, PN pentagastrin neutral pictures, RN remifentanil neutral pictures, SU saline unpleasant pictures, PU pentagastrin
unpleasant pictures, RU remifentanil unpleasant pictures
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Fig. 2 Effect of drug treatment on memory. The unpleasant pictures
were slightly better remembered than neutral ones in the recognition
test (P<0.01). There were no significant differences between the drug
treatments. Saline neutral pictures (SN): mean=11.00, SD=2.42;
pentagastrin neutral pictures (PN): mean=10.23, SD=2.28; remifenta-

nil neutral pictures (RN): mean=10.31, SD=2.63; saline unpleasant
pictures (SU): mean=12.54, SD=1.33; pentagastrin unpleasant pic-
tures (PU): mean=12.38, SD=1.04; remifentanil unpleasant pictures
(RU); mean=12.85, SD=1.41
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well as when unpleasant images were presented (W=41,
P<0.01; Fig. 3a). There were no significant differences in
ratings of unpleasantness between remifentanil and saline.

Ratings of how pleasant the pictures were perceived

There was an overall significance of the two main factors
drug and picture type [(drug) F=15.7, P<0.001; (picture
type) F=67.1, P<0.001] on rated pleasantness of the
picture content (Fig. 3b). While neutral pictures were rated
as more pleasant after remifentanil treatment as compared

with saline treatment (W=36.5, P<0.01), no difference was
seen for the unpleasant pictures (W=10.5, n.s.). After
pentagastrin administration, lower ratings of pleasantness
in the picture content were reported for neutral pictures
compared to saline treatment (W=40.5, P<0.01). No effects
were noted for the unpleasant images (W=1.5, n.s.).

Ratings of how the drugs were perceived

Ratings of how unpleasant the drug was perceived

When the subjects rated the experienced unpleasantness of
the injected drug, there was also an overall effect of drug
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Fig. 3 Effect of the drugs on picture ratings. a After pentagastrin
treatment, pictures were rated as more unpleasant than after saline
treatment irrespectively of neutral or unpleasant pictures (P<0.01). No
differences were found between saline and remifentanil treatment.
Saline neutral pictures (SN): mean=2.15, SD=2.42; pentagastrin neutral
pictures (PN): mean=8.88, SD=11.10; remifentanil neutral pictures
(PN): mean=1.27, SD=1.52; saline unpleasant pictures (SU): mean=
50.54, SD=24.32; pentagastrin unpleasant pictures (PU): mean=67.42,
SD=20.84; remifentanil unpleasant pictures (RU): mean=47.62, SD=
23.69. b Neutral picture were rated as more pleasant after remifentanil
treatment in the neutral condition compared to saline treatment (P<
0.01). No differences were seen in the unpleasant picture conditions.
Saline neutral pictures (SN): mean=34.08, SD=17.56; pentagastrin
neutral pictures (PN): mean=14.46, SD=15.24; remifentanil neutral
pictures (RN): mean=50.27, SD=18.76; saline unpleasant pictures
(SU): mean=1.58, SD=2.17; pentagastrin unpleasant pictures (PU):
mean=1.35, SD=1.61; remifentanil unpleasant pictures (RU): mean=
5.46, SD=8.10
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Fig. 4 Effect of the drugs on emotional state. a Pentagastrin was
perceived as more unpleasant than saline in both picture conditions
(P<0.001). Saline neutral pictures (SN): mean=5.69, SD=9.72;
pentagastrin neutral pictures (PN): mean=57.81, SD=24.30; remifen-
tanil neutral pictures (RN): mean=8.42, SD=11.38; saline unpleasant
pictures (SU): mean=2.58, SD=4.22; pentagastrin unpleasant pictures
(PU): mean=55.23, SD=26.55; remifentanil unpleasant pictures (RU):
mean=15.08, SD=16.79. b Remifentanil was perceived as more
pleasant compared to saline no matter picture content (P<0.001).
Saline neutral pictures (SN): mean=4.88, SD=8.78; pentagastrin
neutral pictures (PN): mean=2.81, SD=4.74; remifentanil neutral
pictures (RN): mean=44.08, SD=29.02; saline unpleasant pictures
(SU): mean=4.19, SD=9.45; pentagastrin unpleasant pictures (PU):
mean=1.62, SD=1.91; remifentanil unpleasant pictures (RU): mean=
34.42, SD=27.55
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(F=46.6, P<0.001). Pentagastrin induced unpleasantness to
the same extent irrespective of the picture content (W=45.5,
P<0.001 in both cases; Fig. 4a).

Ratings of how pleasant the drug was perceived

When subjects were probed for the experienced pleasantness
of the drug, there was a main effect of drug treatment (F=
42.9, P<0.001). Remifentanil was experienced as more
pleasant irrespective of picture content [(neutral images) W=
60, P<0.001; (unpleasant images) W=50.5, P<0.001]
(Fig. 4b).

Relation between ratings of drug and ratings of pictures

There was no correlation between increase in unpleasant-
ness ratings of the drug and increase in unpleasantness
ratings of how the pictures were perceived for pentagastrin
(P=0.14 for neutral pictures; P=0.48 for unpleasant
pictures; Fig. 5a and b). However, we observed a

significant correlation between increase in ratings of
pleasantness of drug and ratings of pleasantness of neutral
picture for remifentanil (P=0.022, r=0.63 for neutral
pictures; P=0.022, r=0.63 for unpleasant pictures; Fig. 5c
and d).

Effects on heart rate

There was a significant effect of drug treatment on heart
rate (F=62.08, p<0.001). We also performed three post hoc
tests to analyze how treatment or unpleasantness affected
the heart rate. We observed that unpleasant pictures
significantly decreased the heart rate compared with neutral
pictures (heart rate in SU vs SN; t=−2.80, p<0.05), while
pentagastrin increased heart rate compared with saline
treatment (heart rate in PN vs SN; t=8.90, P<0.001;
Fig. 6a). There was a tendency for a decrease in heart rate
for remifentanil (heart rate in RN vs SN, t=−2.44), which did
not reach significance after Bonferroni correction. To study
whether there was a relation between the changes in heart rate
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Fig. 5 Correlation between how the drug and the pictures were
perceived. No correlation was observed between how unpleasant
pentagastrin was experienced and how unpleasant the pictures were
rated (a and b). In contrast, a significant correlation was observed

between how pleasant remifentanil was experienced and how pleasant
the neutral (c; P=0.022, r=0.63) and the unpleasant pictures (d;
P=0.022, r=0.63) were rated. All ratings were made on a visual
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due to pentagastrin and unpleasant pictures, we normalized
the average heart rate responses for PN and SU with the heart
rate response in SN (i.e., the responses in the different
conditions is expressed as the relative change in relation to
the SN condition). We were able to show a positive
correlation between the normalized heart rate after pentagas-
trin with the normalized heart rate after saline (P<0.05, r=
0.67; Fig. 6b). Thus, subjects who showed the lowest
decrease in heart rate for unpleasant pictures after saline
administration showed the highest increase in heart rate after
pentagastrin treatment when presented to neutral pictures.

STAI-T

Here, we tested whether there was a relation between
general anxiety level and how unpleasant pictures were
experienced in general and after pentagastrin treatment. We
observed a significant negative correlation between STAI-T
scores and pentagastrin-induced unpleasantness ratings of
the pictures [in PU vs SU: P<0.001 (two-tailed), r=−0.83;
Fig. 7a]. Thus, the subjects with the highest STAI-T scores

(the higher score the more anxious) were least effected
by pentagastrin in how they experienced unpleasant
pictures. We also observed a weak tendency of a positive
correlation between STAI-T scores and pentagastrin-
induced drug unpleasantness (in PN vs SN:P=0.14, r=0.32;
Fig. 7b).

Discussion

In the present study, we show that subjects perceive both
neutral and unpleasant pictures as more unpleasant after
administration of the CCK agonist pentagastrin, while
neutral pictures are experienced as more pleasant after
treatment with the mu-opioid agonist remifentanil. To our
knowledge, this is the first study that systematically shows
that external input other than noxious signals can be
modulated by the opioid and CCK system. We suggest
that these neuromodulatory systems are important in
regulating emotional processes in a similar way as they
modulate pain processing.
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Fig. 6 Effects on heart rate.
a There was a significant heart
rate decrease in the saline un-
pleasant (SU) picture condition
compared to the saline neutral
(SN) picture condition (t=−2.80,
p<0.05). A significant heart rate
increase was observed in the
pentagastrin neutral (PN) picture
condition vs the saline neutral
(SN) picture condition (t=8.90,
P<0.001). A trend for a de-
crease in heart rate was observed
when subjects were treated with
remifentanil. b The normalized
heart rate response for each
subject in the PN condition
correlated with the normalized
heart rate response in the SU
condition (P<0.05, r=0.67; the
responses in the different con-
ditions is expressed as the rela-
tive change in relation to the
saline neutral picture condition)
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Although there is no direct evidence that CCKb agonists
cross the blood brain barrier (BBB), several studies suggest
that these drugs act directly on the central nervous system.
It has been shown that intravenous CCK-4 administration
changes hippocampal activity, although the neuronal input
from the peripheral CCK activation was cut off (Dahl
1987). Moreover, CCK-8 that has a 10,000-fold higher
affinity to peripheral CCKb receptors but does not cross the
BBB, can induce similar but more intense gastrointestinal
side effects (including nausea), but in contrast to CCK-4, it
does not induce panic attacks or anxiety (de Montigny
1989). It is therefore hard to conceive that the anxiety
responses provoked by CCK-4 or pentagastrin (Benkelfat
et al. 1995; Bradwejn et al. 1991; de Montigny 1989)
treatments are solely mediated by peripheral mechanisms.
Thus, our working hypothesis is that pentagastrin has the

ability to pass the BBB and act upon central CCK receptors
to interact with cognitive and emotional processes. Al-
though unlikely, as for previous studies on CCKb agonists
and anxiety induction, we cannot exclude that the mecha-
nisms are solely peripherally mediated.

Earlier studies have used CCK agonists as an experi-
mental model for anxiety and panic (Bradwejn et al. 1991;
Dauge and Lena 1998; de Leeuw et al. 1996; Radu et al.
2003) and focused on their effect on internal states. The
CCK system may also change the processing of external
noxious input in general (Fields and Basbaum 1999; Hebb
et al. 2005) and in the placebo/nocebo response (Benedetti
1996; Colloca and Benedetti 2005; Levine et al. 1978;
Petrovic et al. 2002). In the present behavioral study, we
generalized this idea to include other external inputs such as
visual stimuli. We hypothesized that complex visual
stimuli, especially those with an emotional content, would
be experienced as more unpleasant after treatment with
pentagastrin, in analogy with its effect on pain processing.
In line with our hypothesis, we found that both neutral and
unpleasant pictures were experienced as more unpleasant
after pentagastrin treatment (Fig. 3a). The drug also induced
a higher discomfort in agreement to previous research
(Bradwejn et al. 1991; Radu et al. 2002, 2003; Fig. 4a).
Some of the pentagastrin effects we observed in the study
might have been mediated via peripheral mechanisms, e.g.,
nausea which all of the subjects experienced to a small
extent when given pentagastrin. Importantly, several sub-
jects experienced nausea during the remifentanil trials as
well, but they still rated the pictures as highly pleasant.
Thus, although we cannot completely separate central from
peripheral actions of pentagastrin, the present study suggest
that nausea per se cannot explain why pictures are
perceived as more unpleasant.

In analogy with the CCK system, the opioid system has
both been studied in relation to its involvement in opioid
analgesia (Fields and Basbaum 1999) and in emotional
processing such as pleasure and reward experiences
(Berridge 2003). To activate the opioid system, we used
remifentanil that can easily penetrate the BBB (Beers and
Camporesi 2004) and act upon central processing of pain
and emotional experiences (Petrovic et al. 2002).

We suggest that the CCK and the opioid system work in
an antagonistic fashion in modulating emotional processes.
The results were, however, more complex for the remifen-
tanil treatment than for the CCK treatment. Although there
was a trend that the unpleasant pictures were experienced as
more pleasant after remifentanil treatment, we failed to
detect a difference in how unpleasant the aversive pictures
were rated between the remifentanil and saline treatment
(although we had hypothesized that opioid treatment would
lower this rating). One interpretation of this result is that the
mu-opioid system is not involved in suppressing emotional
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Fig. 7 Relation between anxiety levels and pentagastrin’s effects on
picture and drug rating. a STAI-T scores correlated negatively with
pentagastrin induced unpleasantness of pictures rating scores (penta-
gastrin unpleasant pictures vs saline unpleasant pictures; P<0.001,
r=−0.83). b There was no statistical significant correlation between
how unpleasant pentagastrin was experienced and STAI-T although a
week positive trend was observed
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aversive processing, as it suppresses nociceptive process-
ing. This would be in line with animal studies which have
shown that the delta, but not the mu-opioid, system is
involved in the modulation of aversive non-noxious
processing. For example, delta-deficient mice act more
anxious and depressive, while mu-deficient knockout mice
lack depressive behavior (Filliol et al. 2000; Kieffer and
Gaveriaux-Ruff 2002). Remifentanil treatment increased
ratings of pleasantness both for the neutral pictures and for
the drug effect on mood (Figs. 3b and 4b). These findings
indicate that a mu-opioid agonist may be more effective in
augmenting a pleasant response than suppressing an
unpleasant process to external input, which is in line with
the idea that we perceive emotions in a multidimensional
space and not via a mutually exclusive one-dimensional
scale (Larsen et al. 2001; Rolls 1995; Schimmack 2001).

The ratings of mental focus indicated that there was no
difference in how well the subjects could concentrate on the
pictures between the treatments, although the subjects
showed a slight increase in drowsiness after remifentanil
treatment (Table 2). Although the unpleasant pictures were
better remembered than the neutral (Fig. 2), a finding that
previously has been shown (Richardson et al. 2004), there
was no difference between the treatments in how well the
pictures were remembered. These results indicate that the
difference in focus and drowsiness between the treatments
did not have a great impact on how well the subjects
attended to and memorized the stimuli.

Although the tested drugs significantly modulate the
emotional perception of pictures, we cannot completely
separate whether this is caused by a change in mood or
because the two neuroregulatory systems have specific
modulation on emotional processing of visual input. However,
available research suggest that there is an interaction

between emotion and visual processing, e.g., the activity
in fusiform face area is augmented when fearful faces are
shown (compared with neutral faces) or when unpleasant
pictures are shown (compared with neutral pictures), an effect
probably induced by the amygdala (Vuilleumier and Pourtois
2007). We have hypothesized that this emotionally induced
effect on visual processing is a key component in our results.
Thus, although the pictures may have induced a more
negative emotion, the core visual processing may also have
changed. The subjects also rated how they perceived the
pictures and not what emotions they perceived after viewing
the pictures. However, there is no perfect division between
what is a “visually induced negative emotion” or an
experience of a more unpleasant picture, and finer experi-
ments including imaging studies have to be performed to
understand the separation between the two processes.

On a related topic, it cannot be excluded that the subjects
were confused between ratings of change in mood induced
by the drugs and ratings of how they perceived the pictures
after treatment. We asked the subjects to be aware of this
difference and not confuse the two experiences. In the post-
viewing interviews, the subjects indicated that they had no
difficulty in separating the rating of how the drug affected
their emotional state and how they perceived the pictures.
Importantly, there was no correlation between pentagastrin-
induced general unpleasantness perception and the change in
how unpleasant pictures were rated after pentagastrin
treatment, indicating no relation between the change in
internal state and experience of external input (Fig. 5a and b).
For remifentanil, we observed a positive correlation
between drug-induced change in mood and how the
treatment changed external input (Fig. 5c and d), i.e., the
more pleasure the subjects experienced in general, the more
pleasurable did they rate the external input. Possibly, studies

Fig. 8 A model for top-down
control of emotions. A sug-
gested model of how the CCK
and the opioid projections may
be a part of a descending neu-
romodulatory system used in
top-down control of pain and
emotion. In this model, cogni-
tive processes such as expect-
ations and motivation in the
orbitofrontal and ventrolateral
prefrontal cortex (vlPFC) drive
attentional modulation which
can use the opioid and the CCK
projections (in anterior cingulate
cortex (ACC) and anterior
insula) to both suppress or aug-
ment emotional and pain
processes
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using CCK and opioid blockers in a similar context may be
more effective in studying these issues, as they do not
induce large changes in mood.

It has been shown that the opioid and the CCK system
are involved in mediating the placebo and the nocebo
response (Benedetti 1996; Colloca and Benedetti 2005;
Levine et al. 1978; Petrovic et al. 2002). As both conditions
are dependant on expectation and social interaction, one
could speculate that the CCK and the opioid system may be
driven by higher cognitive functions. In fact, these neuro-
modulatory systems could be used to modulate specific
processes in the brain such as emotion and pain, leaving
other processes unaffected. This idea is supported by
functional–anatomical data which show that both opioid
receptors (Petrovic et al. 2005; Vogt et al. 1993) and CCK
receptors (Beinfeld et al. 1981) are found in large
concentrations in the ACC. The ACC is also involved in
attentional mechanisms (Bush et al. 2000), and placebo
studies have shown an overlapping activation for opioids
and the placebo response in the ACC (Petrovic et al. 2002).
Thus, ACC may be viewed as a region where attention and
different neuromodulatory systems interact (Petrovic et al.
2002). Furthermore, ACC has extensive projections to other
regions, e.g., amygdala, prefrontal cortex, and insula
(Pandya et al. 1981), which are also involved in emotional
processing. Imaging studies (Benkelfat et al. 1995; Schunck
et al. 2006) have shown that CCK administration activates
ACC and insula, in line with the suggestion that these areas
could be involved in emotional regulation. Although the
present study cannot answer the question whether cognitive
processes interact with the opioid and the CCK system, the
ability of these systems to modulate emotional processing
as well as pain and their close association with networks
involved in attentional processes suggest that they may be
used in top-down regulation of pain and emotion (Fig. 8).

In line with previous studies, heart rate decreased for
unpleasant pictures (Bradley et al. 2001) but increased after
pentagastrin treatment (Radu et al. 2003). Heart rate
decrease for viewing unpleasant material has been sug-
gested to mirror a passive fear state (Lang et al. 2000). This
state, often referred to as post-encounter phase, is associ-
ated with a minimal degree of movement and a heart rate
decrease after detection of a threat to avoid a confrontation
(Fanselow 1994; Lang et al. 2000). Similarly, the heart rate
increase after pentagastrin treatment is in line with the
involvement of the CCK system in an active fear state
closely linked to panic attacks (Bradwejn and Koszycki
2001). Active fear states, also called circa-strike phase, may
be induced when there is an imminent or ongoing attack by
a threat (Fanselow 1994). In our data, the subjects with the
most expressed heart rate increase for pentagastrin had the
least expressed mitigation in heart rate for unpleasant
pictures (Fig. 6). One interpretation of this finding is that

subjects who are more prone to react with an active coping
strategy (related to circa-strike phase) when treated with
pentagstrin will suppress passive coping strategies (related
to the post-encounter phase) when viewing unpleasant
pictures. This would be in line with the suggestion that
passive fear mechanisms and active fear mechanisms are
mutually inhibiting each other (Fanselow 1994). We also
showed that those subjects being most prone to anxiety in
general (scoring high on the STAI-T questionnaire) showed
the least change in how unpleasant pictures were perceived
after pentagastrin treatment (Fig. 7a), although they showed
a positive trend correlation for pentagastrin-induced drug
unpleasantness (Fig. 7b). Upon inspection, we noted that
four of the five subjects with a STAI-T >35 had the highest
unpleasantness ratings on unpleasant pictures after placebo
treatment. Thus, the finding above (shown in Fig. 7a) may
represent a ceiling effect. These findings clearly need
further investigation, but imply that there are different fear
states in humans in which there is a balance between
internal mood state vs experience of external stimuli as well
as passive vs active coping strategies. How these findings
translate to clinical populations is unclear, although it is
well known that anxiety and panic attacks have components
of both active and passive coping strategies (McNaughton
and Corr 2004; Lang et al. 2000).

Taken together, the results suggest that external stimuli
other than noxious may be modulated by the same specific
descending systems that are involved in pain regulation,
thus, suggesting a more general function for these neuro-
modulatory systems. We propose that the opioid system and
the CCK system are involved in different types of top-down
regulation of external input including both nociceptive and
visual stimuli. We know from earlier research that CCK is
involved in anxiety disorders including panic attacks (Singh
et al. 1991), but its regulatory role on emotional processing
is more obscure. From a clinical point of view, our results
could lead to a better understanding of how affective
disorders might be able to manipulate our perception of the
external world.
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