Send Orders for Reprints to reprints@benthamscience.net
The Open Neuroimaging Journal, 2013, 7, 41-52

41

Open Access

Neural Substrates Underlying
Unconditioned Fear Response

Learning-Related

Changes

of

the

Kimberly H. Wood1, Dystany Kuykendall1, Lawrence W. Ver Hoef 2 and David C. Knight1,*
1

Department of Psychology, University of Alabama at Birmingham, Birmingham, AL 35294, UK

2

University of Alabama at Birmingham, School of Medicine; Birmingham VA Medical Center, UK
Abstract: The ability to predict an impending threat during Pavlovian conditioning diminishes the emotional response
that is produced once the threat is encountered. Diminution of the threat response appears to be mediated by somewhat
independent associative learning and expectancy-related processes. Therefore, the present study was designed to better
understand the neural mechanisms that support associative learning processes, independent of expectancy, that influence
the emotional response to a threat. Healthy volunteers took part in a Pavlovian conditioning procedure during which trait
anxiety, expectation of the unconditioned stimulus (UCS), skin conductance response (SCR), and functional magnetic
resonance imaging (fMRI) signal were assessed. The results showed no evidence for associative learning that was
independent of expectation. Threat-related SCR expression was diminished on predictable trials vs. unpredictable trials of
the UCS (i.e. conditioned UCR diminution). Similar to SCR, conditioned UCR diminution was observed within the left
dorsolateral PFC, dorsomedial PFC, ventromedial PFC, and left anterior insula. In contrast, potentiation of the threatrelated fMRI signal response was observed within left dorsolateral PFC, inferior parietal lobule (IPL), and posterior
insula. A negative relationship was observed between UCS expectancy and UCR expression within the dorsomedial PFC,
ventromedial PFC, and anterior insula. Finally, the anticipatory fMRI signal responses within the PFC, posterior
cingulate, and amygdala showed an inverse relationship with threat-related activation within the brain regions that showed
UCR diminution. The current findings suggest that the PFC and amygdala support learning-related processes that impact
the magnitude of the emotional response to a threat.
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INTRODUCTION
Fear is considered an important defense mechanism due
to its evolutionary role in survival [1-3]. The ability to form
associations between a dangerous event and the cues that
predict it allows an organism to better adapt to a changing
environment [1, 4]. An important aspect of this type of
associative learning (i.e. Pavlovian fear conditioning) is that
it allows an organism to more effectively avoid, escape, or
minimize the impact of an impending threat [3-7]. Thus,
from a functional perspective it is the response to the threat
itself (i.e. unconditioned stimulus: UCS) that directly
impacts survival and therefore may be the most biologically
relevant feature of fear learning [4].
During Pavlovian fear conditioning, a neutral conditioned
stimulus (CS) is paired with an aversive UCS. The
conditioned response (CR) produced by the CS is typically
used to index fear expression. Traditionally, CR expression
is taken as evidence that an association between the CS and
UCS has been formed. In contrast, the unconditioned
response (UCR) is generally considered an automatic,
unlearned reaction to the aversive UCS. However, prior
work has shown that unconditioned skin conductance
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responses (SCRs) diminish as associations are formed during
conditioning [8–12]. For example, UCR amplitude is
decreased to paired vs. unpaired presentations of the CS and
UCS [9, 13, 14]. Further, conscious expectation of the UCS
has also been shown to diminish UCR expression [10, 1517]. For example, UCR amplitude shows a greater decrease
when participants expect a UCS compared to when the UCS
is unexpected [10, 15]. This effect is generally referred to as
conditioned UCR diminution.
Prior neuroimaging studies have employed Pavlovian
fear conditioning to investigate the neural correlates of
conditioned UCR diminution [10, 15, 17, 18]. These studies
have demonstrated a learning-related decrease in UCR
expression within multiple regions of the prefrontal cortex
(PFC) [e.g. dorsolateral (dlPFC), dorsomedial (dmPFC),
ventromedial (vmPFC)], cingulate cortex [e.g. anterior
(ACC), posterior (PCC)], inferior parietal lobule (IPL),
anterior insula, and amygdala [10, 15, 17, 18]. The findings
from this prior work are consistent with other research that
suggests the PFC regulates the emotional response [19, 20].
For example, prior work indicates that the PFC projects to
the amygdala and provides regulatory control over emotionrelated processes during fear conditioning [1, 19, 21].
Further, the threat-related fMRI signal response within the
PFC and amygdala impacts the amplitude of the autonomic
response (e.g. SCR) that is produced [10, 15, 17, 22]. This
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process appears to be critical for normal, healthy emotional
function.
Converging lines of research indicate that healthy
emotion regulation relies upon the PFC [19, 20, 23-25], and
that anxiety disorders may be linked to insufficient
regulatory control from the PFC. Further, PFC dysregulation
is associated with increased amygdala reactivity [26-31] and
an exaggerated emotional response to threats [11, 32, 33].
For example, prior work has shown that participants with
low trait anxiety exhibit greater vmPFC activation compared
to participants with high trait anxiety during cued fear
conditioning [34]. In contrast, individuals with high trait
anxiety showed a diminished vmPFC response that was
associated with greater fear conditioned SCRs compared to
participants with low trait anxiety [34]. Further, our prior
work has demonstrated that unconditioned fMRI signal
responses from several brain regions fluctuate with trait
anxiety level [17]. Specifically, trait anxiety varied with
dlPFC, dmPFC, PCC, and IPL activity such that, as trait
anxiety level increased the threat-related fMRI signal
response within these brain areas increased [17]. These
studies suggest that anxiety level influences the magnitude of
anticipatory and threat-related brain activation, which in turn
influences the peripheral expression of emotion.
Associative learning and expectancy processes are
additional factors that modulate the response produced by a
threat. Prior work has demonstrated a reduction in the
magnitude of the fMRI signal response once a cue-outcome
relationship is established and predictable [35, 36]. However,
when an outcome violates expectations an increase in the
magnitude of brain activity is observed [35, 36]. Further, the
magnitude of brain activation in response to an aversive
stimulus is dependent upon the expectation of whether the
aversive outcome is a certainty or only a possibility [15, 37,
38]. Prior work has demonstrated that the amplitude of the
threat-elicited fMRI signal response within regions of the
PFC, insula, cingulate, IPL, and amygdala varies with UCS
expectancy [10, 15, 38]. More specifically, as UCS
expectancy increases during the CS presentation, the
amplitude of the threat response decreases. These findings
suggest that conditioned UCR diminution is in part mediated
by expectation of the UCS that is supported by regions of the
PFC. In turn, these conditioned changes in the brain’s
response to a threat appear to modify the peripheral
emotional response that is expressed. For example, several
studies have shown that as UCS expectancy increases the
magnitude of unconditioned SCR expression decreases [10,
11, 15]. Further, these findings parallel the conditioned
changes observed within the threat-related fMRI signal
response [10, 15, 17, 38]. Taken together, these findings
suggest that conscious expectation of an imminent threat
may play an important role in modulation of the emotional
response produced. However, prior work has also
demonstrated threat-elicited SCRs that did not diminish as
expectation increased [17]. For example, unconditioned
SCRs produced by a UCS that followed a CS− did not differ
from SCRs to a UCS presented alone even though UCS
expectancies differed between these conditions [17]. Prior
work has also demonstrated greater UCR diminution to a
UCS that followed a CS+ compared to a UCS presented after
a CS− even when UCS expectancy ratings were equivalent
[11]. In addition, diminished unconditioned SCRs have been
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observed to a UCS that followed a CS+ compared to a UCS
that followed a CS− even after participants were informed
that the UCS would follow both the CS+ and CS− [12].
Together, these studies suggest that modulation of the threatrelated emotional response is not solely mediated by
conscious expectations. Instead, the findings suggest that
associative learning processes independent of UCS
expectations also influence UCR expression.
Given that prior work suggests UCR diminution is in part
mediated by expectancy-independent processes, the present
study was designed to better understand associative learning
processes that influence UCR expression in the absence of
differential UCS expectancies. The aim of this study was to
determine the neural substrates that support expectancyindependent conditioned diminution of the emotional
response to a threat. Based on prior work, we expected to
observe a learning-related decrease in the fMRI signal
response produced by the UCS independent of UCS
expectancy [11]. Given the importance of the amygdala,
dlPFC, dmPFC, and vmPFC in emotion [1, 19, 20, 38], we
hypothesized that these brain regions would show UCR
diminution during Pavlovian conditioning. Further, we
expected threat-related brain activation within these brain
regions to vary with individual differences in trait anxiety
level. In turn, we expected threat-related amygdala activity
to vary with the amplitude of unconditioned SCR expression
[17, 22, 39-41].
MATERIALS AND METHODS
Participants:
Twenty-one
healthy
right-handed
volunteers participated in this study [8 male, 13 female; age
= 23.05 ± 0.82 years (mean ± SEM); range = 19-34 years].
All participants were included in the UCS expectancy and
fMRI data analyses. However, four non-responsive (SCR <
0.05 µSiemens) participants were excluded from SCR data
analyses. Thus, a total of seventeen participants were
included in the SCR analyses (7 male, 10 female; age =
23.59 ± 0.95 years; range = 19-34 years). Fifteen participants
were included in the secondary fMRI data analyses that
examined the relationship between behavior and brain
activation (6 male, 9 female; age = 23.87 ± 1.06 years; range
= 19-34 years). The six participants excluded from these
secondary fMRI analyses consisted of the four participants
with non-responsive SCR and two participants that did not
complete the trait anxiety assessment. All participants
provided written informed consent.
State-Trait Anxiety Inventory: Prior to the conditioning
session, volunteers completed the State-Trait Anxiety
Inventory (STAI; Form Y) for Adults [42]. The STAI is a
self-assessment questionnaire that measures state and trait
anxiety in terms of general negative affect [43]. The state
scale reflects anxiety level at the current moment, whereas
the trait scale reflects anxiety level experienced in general
[42].
Stimuli: The conditioned and unconditioned stimuli were
presented through MR-compatible pneumatic headphones.
Two tones (1025 and 1050 Hz; 10 s duration; 20 s ITI) that
were difficult to discriminate served as the CSs. Our pilot
work indicated that stimuli presented at these frequencies
can be differentiated when presented back-to-back, but are
difficult to discriminate when separated by a 20 s ITI. A loud
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Fig. (1). Conditioned and unconditioned stimuli. Each acquisition scan consisted of CS+ (8 trials), CS− (8 trials), and test trials (1 CS+UCS,
1 CS−UCS, and 1 UCS alone trial). The acquisition phase consisted of four acquisition scans, followed by the test phase. The test phase
consisted of 10 CS+UCS trials, 10 CS−UCS trials, and 10 UCS alone trials. Stimuli were counterbalanced and presented in a pseudorandom
order such that no more than two trials of the same stimulus were consecutively presented.

white-noise served as the UCS (100 db, 0.5 s duration).
Stimuli were presented in a pseudorandom order with the
restriction that no more than two trials of the same stimulus
could be presented consecutively.
Procedure: Volunteers were exposed to a differential fear
conditioning procedure in which the UCS coterminated with
one tone (CS+) and the second tone was presented alone
(CS−) during the acquisition phase. The CSs were
counterbalanced across participants. The acquisition phase
consisted of four 590 s scans. A total of 32 trials of each CS
were presented during the acquisition phase (8 trials of each
CS were presented in each scan). In addition, each
acquisition scan included 3 test trials that consisted of UCS
presentations that coterminated with the CS+ (CS+UCS) and
CS− (CS−UCS), as well as presentations of the UCS alone
(Fig. 1). Additional details on trial order during the
acquisition phase have been published previously [17]. The
acquisition phase was followed by a 920 s test phase that
consisted of 30 test trials (10 CS+UCS trials, 10 CS−UCS
trials, 10 UCS alone trials). In total, there were 14 test trials
for each stimulus (4 from the acquisition phase, 10 from the
test phase). The 14 test trials were grouped into the first
seven test trials (Early test trials) and the last seven test trials
(Late test trials) for further analysis. The test trials were
binned in this manner to evaluate learning-related changes in
UCS expectancy in a manner consistent with our prior work
using CS presentations that were easy to discriminate [17].
UCS expectancy: UCS expectancy was collected
throughout the conditioning session. This measure was used
to assess participants’ expectation of the UCS and determine
whether the relationship between the CS and UCS had been
learned. Presentation software (Neurobehavioral Systems,

Inc.; Albany, CA), was used to display a UCS expectancy
rating scale on an IFIS-SA LCD (Invivo Corp.; Gainesville,
FL) video screen. The video screen was located above the
participant’s head and viewed through a mirror attached to
the RF coil. Participant’s used an MRI compatible joystick
(Current Designs; Philidelphia, PA) to control the rating bar
on the video screen. Subjects were instructed to rate their
UCS expectancy on a moment-by-moment basis using a
continuous scale from 0 to 100 (0 = certain the UCS would
not be presented, 50 = uncertain whether the UCS would be
presented, 100 = certain the UCS would be presented) to
reflect their current UCS expectancy. UCS expectancy was
calculated as the average response (1 s sample) at UCS
onset. Additional details on this methodology have been
previously published [44].
Skin conductance response: An MRI compatible
physiological monitoring system (Biopac Systems; Goleta,
CA) was used to collect SCR data as described in prior work
[44]. SCR was sampled (2,000 Hz) with a pair of disposable
radio-translucent electrodes (1 cm diameter, Biopac
Systems; Goleta, CA) from the distal phalanx of the middle
and ring fingers of the nondominant hand. SCR data were
processed using Biopac AcqKnowledge 4.1 software. A 1 Hz
low pass digital filter was applied and SCR data were
resampled at 250 Hz. Unconditioned SCRs were limited to
those that occurred within 10 s following the UCS
presentation. Unconditioned SCRs smaller than 0.05
µSiemens were scored as 0.
Functional MRI: Neuroimaging was completed on a
Siemens 3 Tesla Allegra MRI system. High-resolution
anatomical images (MPRAGE) were acquired in the sagittal
plane using a T1 weighted series (TR=2300 ms, TE=3.9 ms,
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flip angle=12°, FOV=25.6 cm, matrix=256 x 256, slice
thickness=1 mm, 0.5 mm gap). Whole brain blood oxygen
level dependent [45] fMRI was completed using a gradientecho echoplanar pulse sequence [46] in an oblique-axial
orientation (TR=2000 ms, TE=30 ms, flip angle=70º,
FOV=24 cm, matrix=64 x 64, slice thickness=4 mm, no gap)
during stimulus presentations. The Analysis of Functional
NeuroImages (AFNI) software package [47] was used for the
fMRI analyses. Echo-planar time series data were slice time
corrected, motion corrected, concatenated, reregistered to the
fifth volume of the first imaging block, and spatially blurred
using a 4 mm full-width-at-half-maximum Gaussian filter.
Functional MRI data were analyzed using a
deconvolution analysis that was conducted at the individual
subject level. This multiple linear regression modeled the
input from all stimuli using a gamma variate hemodynamic
response function. Reference waveforms modeled the CS+,
CS−, and UCS during the acquisition phase, the CS+ and
CS− on test trials, joystick movement, and head motion
parameters. The regressors of interest modeled brain
activation elicited by the UCS during the test trials (i.e.
CS+UCS, CS−UCS, and the UCS alone). In this analysis,
separate reference waveforms were used for the Early (trials
1-7) and Late (trials 8-14) test trials. Functional MRI percent
signal change to the UCS on test trials was used as an index
of the amplitude of the neural response to threat. These
functional maps were then converted to the Talairach and
Tournoux stereotaxic [48] space for group level analyses
[49].
Based on prior work [10, 15, 17], we applied an
anatomical mask that consisted of the PFC, cingulate cortex,
IPL, insula, and amygdala to reduce the number of voxelwise comparisons for our group level analyses. A repeatedmeasures ANOVA was conducted to test for a main effect of
stimulus (CS+UCS, CS−UCS, and UCS alone) and trial
(Early vs. Late), as well as a stimulus x trial interaction. A
voxel-wise threshold of p < 0.05 (corrected) was employed
by using an uncorrected threshold of p < 0.005 and a cluster
volume larger than 510 mm3 (9 voxels of 3.75 x 3.75 x 4.00
mm dimension). Monte Carlo simulations, conducted in
AFNI, were used to select these threshold criteria and reject
smaller clusters of activation due to chance alone (false
positives) [50, 51]. Follow-up t-test comparisons were
conducted in SPSS on the mean percent signal change in
threat-related brain activation that passed the significance
threshold criteria (p < 0.05 Bonferroni corrected) revealed by
the ANOVA.
Two different analysis procedures (i.e. correlation and
multiple linear regression) were conducted to investigate the
relationship between threat-elicited brain activation and
behavior (i.e. trait anxiety, UCS expectancy, and
unconditioned SCR expression). These analyses were
restricted to the brain regions that demonstrated learningrelated changes from the ANOVA (i.e. functional regions of
interest; ROI). Although these analyses are similar there are
important differences (see [17] for additional discussion). In
short, separate correlation analyses assessed the relationship
between each of our behavioral measures and the mean
percent signal change within an ROI as a whole, while the
regression analysis evaluated these relationships on a voxelwise basis. The four participants without measurable SCR
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data and the two participants without a trait anxiety score
were excluded from this regression analysis because there
were no data points to include in the model. AlphaSim [47,
51] was used to conduct Monte Carlo simulations limited to
the functional ROI revealed by our repeated-measures
ANOVA that demonstrated a main effect of stimulus or
stimulus x trial interaction. A voxel-wise threshold of p <
0.005 and a cluster volume larger than 225mm3 (4 voxels of
3.75 x 3.75 x 4.00mm dimension) was employed, resulting
in a FWE corrected significance threshold of p < 0.05. Prior
work has demonstrated a relationship between the magnitude
of the fMRI signal response within the amygdala and SCR
production during Pavlovian fear conditioning [10, 17, 22,
39-41]. Therefore an anatomical mask was employed to
include the amygdala in the group level regression analysis
as well.
Prior work suggests that the amygdala and PFC produce
and regulate the emotional response to aversive stimuli [19,
38]. Therefore, we completed an additional voxel-wise
multiple regression analysis to identify anticipatory PFC,
cingulate, and amygdala activity that varied with the threatrelated fMRI signal response. This analysis was limited to
the functional ROI revealed by our repeated-measures
ANOVA. Given that no CS was presented on UCS alone
trials to elicit an anticipatory response, this analysis was
restricted to CS+UCS and CS−UCS trials. This analysis
included regressors for trial type (CS+UCS & CS−UCS),
threat-elicited fMRI signal response amplitude, and
interaction of trial type and threat-elicited fMRI signal
response amplitude. Monte Carlo simulations conducted in
AFNI indicated that a voxel-wise threshold of p < 0.005 and
a cluster volume larger than 510 mm3 (9 voxels of 3.75 x
3.75 x 4.00 mm dimension) resulted in a FWE corrected
significance threshold of p < 0.05. Given our a priori
hypotheses and the relatively small volume of the amygdala,
we applied a small volume correction using a voxel-wise
threshold of p < 0.005 and a cluster volume larger than 112
mm3 (2 voxels of 3.75 x 3.75 x 4.00 mm dimension) for this
area (p < 0.05 corrected).
RESULTS
UCS expectancy: Repeated-measures ANOVA revealed
significant differences in UCS expectancy during the test
trials. The results indicated there was a main effect for
stimulus type (F[1,20] = 38.30, p < 0.05) and a main effect
for trial (F[1,20] = 33.68, p < 0.05). There was no stimulus
by trial interaction (F < 1.00). UCS expectancy was greater
during Early test trials on CS+UCS [mean ± SEM (adjusted
for between subject variance [52]): 65.85 ± 2.86; t[20] =
5.55, p < 0.05] and CS−UCS (70.60 ± 3.97; t[20] = 5.48, p <
0.05) than on UCS alone trials (34.31 ± 3.89). There was no
difference in UCS expectancy for CS+UCS and CS−UCS
(t[20] = -1.00) presentations during Early test trials. UCS
expectancy was greater during Late test trials on CS+UCS
(86.09 ± 2.84; t[20] = 6.20, p < 0.05) and CS−UCS (91.83 ±
2.97; t[20] = 6.29, p < 0.05) compared to UCS alone (48.58
± 4.56) trials. During the Late test trials, UCS expectancy
was also greater during CS−UCS presentations than on
CS+UCS presentations (t[20] = -2.31, p < 0.05) (Fig. 2a).
Skin conductance response: Repeated-measures ANOVA
also revealed significant differences in unconditioned SCR
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Fig. (2). UCS expectancy and unconditioned SCR. a) Learningrelated differences in UCS expectancy. UCS expectancy on Early
and Late test trials was higher during CS+UCS and CS−UCS trials
vs. UCS alone trials. b) Learning-related changes in unconditioned
SCR expression were also observed. During Early test trials
unconditioned SCRs were diminished on CS+UCS and CS−UCS
trials compared to UCS alone trials. No differences were observed
between CS+UCS and CS−UCS trials. During Late test trials no
differences were observed between CS+UCS, CS−UCS, or UCS
alone trials.

expression during the test trials. There was a main effect for
stimulus type (F[1,16] = 4.85, p < 0.05). There was also a
trend for a main effect of trial (F[1,16] = 4.44, p = 0.051),
and a trend for a stimulus by trial interaction (F[1,16] = 4.39,
p = 0.052). Follow-up t-test comparisons revealed a
diminished threat-elicited SCR for CS+UCS (1.07 ± 0.08;
t[16] = -3.05, p < 0.05) and CS−UCS trials (1.38 ± 0.17;
t[16] = -2.04, p < 0.05) compared to the UCS alone (1.88 ±
0.22) during Early test trials. There were no significant
differences in unconditioned SCR between the CS+UCS and
CS−UCS trials (t[16] = -1.49) during Early test trials. Also,
there were no differences in unconditioned SCR between the
CS+UCS trials (0.98 ± 0.20) and CS−UCS trials (0.90 ±
0.18; t < 1.00) during Late test trials. Unconditioned SCR
during CS+UCS (t[16] = -1.08) and CS−UCS (t[16] = -1.38)
trials also did not differ from UCS alone trials (1.30 ± 0.15)
during the Late test trials (Fig. 2b).
Functional MRI: Repeated-measures ANOVA revealed
significant differences in the magnitude of the threat-elicited
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fMRI signal response within several brain regions (Tables 1
and 2; Fig. 3). Conditioned UCR diminution was observed
within the dlPFC, dmPFC, vmPFC, and anterior insula
replicating prior work [10, 15, 17] (Table 1; Fig. 3). We also
observed potentiation of the UCR within several brain
regions including the dlPFC, IPL, and posterior insula (Table
2). Within each of these brain regions the threat-related
fMRI signal response demonstrated a main effect for
stimulus type (F[20] > 6.06; p < 0.05 corrected). A main
effect for trial (i.e. Early vs. Late) was observed within the
dlPFC, IPL, and anterior insula (Table 3). A stimulus x trial
interaction was observed within the left IPL (Table 2). T-test
comparisons were conducted on the mean fMRI signal
response from each area of activation that passed the
significance threshold (p < 0.05 corrected) for the main
effect of stimulus type. There was no difference in the threatrelated fMRI signal response for CS+UCS compared to
CS−UCS trials within the functional ROIs identified by the
ANOVA. The unconditioned fMRI signal response was
diminished for the CS+UCS and CS−UCS compared to the
UCS alone within left dlPFC, dmPFC, vmPFC, and left
anterior insula (Table 1). However, greater activation was
observed for CS+UCS and CS−UCS trials compared to UCS
alone trials within left dlPFC and bilateral IPL. Additionally,
greater activation for CS−UCS vs. UCS alone trials was
observed within bilateral posterior insula (Table 2).
A correlation analysis was performed on the mean
percent signal change from the functional ROIs revealed by
the ANOVA and our behavioral measures (i.e. trait anxiety
level, UCS expectancy, and unconditioned SCR expression)
(Tables 1 and 2; p < 0.05 Bonferroni corrected). The threatrelated percent signal change within the functional ROI did
not vary with trait anxiety or unconditioned SCR. These
findings replicate prior work that used CS presentations that
were easy to discriminate during Pavlovian fear conditioning
[17]. However, a significant correlation was observed
between UCS expectancy and the threat-elicited fMRI signal
response within the dmPFC, vmPFC, left IPL, and left
anterior insula (Tables 1 and 2), generally consistent with
prior research [17]. A voxel-wise multiple linear regression
analysis was conducted to evaluate brain activity within the
functional ROI that varied with individual differences in
behavior. The amygdala was also included in this analysis
because prior work suggests this brain region mediates
learning-related changes in SCR production [22, 39–41]. The
regression model accounted for stimulus type, trait anxiety,
UCS expectancy, and unconditioned SCR. There were no
brain regions within the functional ROI that varied with
behavior (i.e. trait anxiety, UCS expectancy, or
unconditioned SCR amplitude).
We also conducted a group level regression analysis to
investigate whether anticipatory activation (i.e. the CR)
within the PFC, cingulate, and amygdala varied with threatrelated activity (i.e. the UCR) from brain regions that
demonstrated conditioned UCR diminution (Table 1).
Anticipatory activity within dlPFC, dmPFC, vmPFC,
ventrolateral PFC (vlPFC), posterior cingulate, and
amygdala revealed a negative relationship with the threatelicited fMRI signal response (i.e. UCR) within many of the
brain regions in which conditioned UCR diminution was
observed (Table 4). Anticipatory activation within left vlPFC
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Table 1. Regions that Showed Conditioned Diminution of the UCR
Talairach Coordinates

CS+UCS vs.
CS−UCS

CS−UCS vs.
UCS Alone

CS+UCS vs.
UCS Alone

Trait

SCR

UCS
Expectancy

Vol (mm3)

x

y

z

t

t

t

r

r

r

Left

3739

−46.3

10.8

35.0

n.s.

−4.23

−3.81

0.04

−0.04

−0.17

Dorsomedial PFC

5670

−1.6

24.5

45.9

n.s.

−4.52

−4.18

0.04

−0.04

−0.36*

Ventromedial PFC

515

−0.9

52.7

−0.5

n.s.

−4.33

−3.96

−0.02

0.05

−0.50*

1046

−34.6

16.3

1.7

n.s.

−3.73

−3.99

0.06

0.18

−0.48*

Region
Dorsolateral PFC

Anterior Insula
Left

Note. Location, volumes, and coordinates from Talairach and Tournoux (1988) for the center of mass for areas of activation. Significance criteria: ANOVA F[20] > 6.06, p < 0.05
(corrected); t[20] p < 0.05 (corrected). Significance criteria for two-tailed correlations: * indicates p < 0.05 (corrected).
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Fig. (3). UCR diminution within the fMRI signal response. Significant diminution of the unconditioned fMRI signal response was observed
within the prefrontal cortex (PFC) and anterior insula during test trials. UCR amplitude within these brain regions was reduced when the UCS
followed the CS+ (i.e. CS+UCS trials) and CS− (i.e. CS−UCS trials) compared to when the UCS was presented alone. There was no
difference on CS+UCS versus CS−UCS trials. Graphs reflect the mean amplitude (% signal change) of all voxels within volumes of
activation. Error bars reflect SEM after adjusting for between-subject variance (Loftus and Masson, 1994). Asterisk indicates significant
difference.
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Table 2. Regions that Showed Potentiation of the UCR

Talairach Coordinates
Vol (mm3)

Region

CS+UCS vs.
CS−UCS

CS−UCS vs.
UCS Alone

CS+UCS vs.
UCS Alone

Trait

SCR

UCS
Expectancy

x

y

z

t

t

t

r

r

r

1286

-7.3

-14.8

51.7

n.s.

3.93

3.57

0.15

0.14

0.30

Right

954

56.3

-29.3

28.4

n.s.

3.82

3.45

0.32

−0.06

0.28

Left

2618

-39.2

-40.9

51.0

n.s.

3.85

3.44

0.15

−0.07

0.43*

Left

1054

-60.9

-27.0

27.7

n.s.

4.20

3.39

0.28

−0.01

0.34

Right

3155

41.1

-7.7

10.8

n.s.

5.62

n.s.

0.16

−0.02

0.28

Left

2106

-41.9

-14.2

12.6

n.s.

4.29

n.s.

0.22

−0.12

0.31

577

-42.8

-34.4

38.7

Early test trials

n.s.

n.s.

4.11

0.14

−0.06

0.33

Late test trials

n.s.

n.s.

n.s.

0.05

0.09

0.20

Main effect of stimulus type
Dorsolateral PFC
Left
Inf. Parietal Lobule

Posterior Insula

Stimulus x trial interaction
Inf. Parietal Lobule

Note. Location, volumes, and coordinates from Talairach and Tournoux (1988) for the center of mass for areas of activation. Significance criteria: ANOVA F[20] > 6.06, p < 0.05
(corrected); t[20] p < 0.05 (corrected). Significance criteria for two-tailed correlations: * indicates p < 0.05 (corrected).

Table 3. Regions that Showed a Change Over Time
Talairach Coordinates
Hemisphere

Vol (mm3)

x

y

z

Right

1072

23.7

44.0

32.0

Left

591

-45.8

9.0

29.5

Inf. Parietal Lobule

Right

553

51.0

-41.9

24.7

Anterior Insula

Left

1258

-44.4

21.0

0.9

Region
Dorsolateral PFC

Note. Location, volumes, and coordinates from Talairach and Tournoux (1988) for the center of mass for areas of activation. Significance criteria: F[20] > 10.00; p < 0.05 (corrected).

Table 4. Regions Showing a Relationship between Anticipatory and Threat-Related Activity
UCR Diminution Functional ROIs
Vol
Region

3

(mm )

Anticipatory Brain Activation

Talairach Coordinates
x

y

Vol
z

Dorsolateral PFC
Left

Region
↔

3739

−46.3

10.8

35.0

3

Talairach Coordinates

(mm )

x

y

z

Left

817

-37.4

29.9

-10.4

Ventromedial PFC

665

5.1

50.7

-9.0

Ventrolateral PFC
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Table 4. contd...
UCR Diminution Functional ROIs
Vol
3

Anticipatory Brain Activation

Talairach Coordinates

Vol

Region

(mm )

x

y

z

Dorsomedial PFC

5670

−1.6

24.5

45.9

3

Region
↔

Talairach Coordinates

(mm )

x

y

z

536

32.8

42.6

15.4

Right

1997

35.2

21.3

-8.2

Right

1016

20.9

60.6

1.6

Left

1483

-37.0

25.8

-9.1

Ventromedial PFCa

601

1.4

51.2

-4.7

149

22.4

-1.7

-17.8

10761

-1.1

24.1

33.9

Right

3911

35.2

33.8

29.5

Right

2593

46.4

7.9

30.6

Right

663

34.8

-3.6

48.2

Left

2993

-33.4

26.8

34.8

Left

1513

-49.8

9.0

30.0

Left

555

-24.5

13.8

50.9

1906

41.1

32.2

7.2

1523

-43.3

30.6

3.1

5898

-3.0

-32.8

32.9

Left

983

-37.2

21.8

-9.7

Right

1994

36.4

22.3

-8.1

Ventromedial PFCc

975

2.3

50.5

-3.6

182

23.9

-1.2

-15.8

Dorsolateral PFC
Right
Ventrolateral PFC

Amygdala
Rightb
Ventromedial PFC

515

−0.9

52.7

−0.5

↔

e,f

Dorsomedial PFC

Dorsolateral PFC

Ventrolateral PFC
Right
Left
Posterior cingulate
Anterior Insula
Left

↔
1046

−34.6

16.3

1.7

e

Ventrolateral PFC

Amygdala
Rightd

Note. Location, volumes, and coordinates from Talairach and Tournoux (1988) for the center of mass for areas of activation. Significance criteria: t[20] > 2.98, p < 0.05 (corrected).
The UCR amplitude (from ROI on left side of table) varied with the anticipatory response (i.e. the CR) within the dorsolateral, dorsomedial PFC, ventromedial PFC, and posterior
cingulate (right side of the table). Exploratory analysis of amygdala and hippocampal activation small volume correction applied t[20] > 2.98, 112 mm3, p < 0.05 (corrected) (right
side of the table). Letters (a-f) correspond to images and graphical representation presented in Fig. (4).

was negatively correlated with the threat response within
each of the brain areas that showed UCR diminution. This
effect was also observed between anticipatory activation
within the right vlPFC and threat-related activity within each
of the functional ROI that showed UCR diminution, except
for the left dlPFC (Table 4). A negative relationship was also
observed between anticipatory activity within vmPFC and
the threat-related response within left dlPFC, dmPFC, and

left anterior insula (Fig. 4a and c). A similar pattern was
observed between anticipatory activation within dlPFC,
dmPFC, vlPFC, and PCC and the threat-related response
within vmPFC (Fig. 4e). Finally, anticipatory amygdala
activity showed a similar negative relationship with the
threat-related response within dmPFC and left anterior insula
(Fig. 4b and d).
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Relationship between Anticipatory
and Threat-related Activity
vmPFC and R. Amyg CR ↔ dmPFC UCR
r = −.60; p < 0.05

a

r = −.53; p < 0.05

b

x=2

y = -3

vmPFC and R. Amyg CR ↔ Ant. Insula UCR
r = −.66; p < 0.05

c

r = −.58; p < 0.05

d

x=2

y = -2

dmPFC and PCC CR ↔ vmPFC UCR

x=2

r = −.57; p < 0.05

f

0.2

vmPFC UCR

e

r = −.55; p < 0.05

0.0
-0.2
-0.4

CS+UCS
CS-UCS
-0.4

-0.2

0.0

0.2

0.4

dmPFC CR

Fig. (4). Relationship between anticipatory and threat-related activity. Threat-related activity, extracted from the ROI depicted in Table 1 and
Figure 3, was included in a regression analysis to investigate differences in the relationship between anticipatory activity (i.e. CR) and threatrelated activity (i.e. UCR) on CS+UCS and CS−UCS trials. A negative relationship between anticipatory and threat-related activity (% signal
change) was observed in several areas of the PFC, cingulate, and amygdala (a-e). Correlation values comparing the anticipatory and threatrelated response within these brain areas are presented above the brain images. The correlation value above image (e) represents activation
observed between PCC CR and vmPFC UCR. The correlation value for dmPFC CR and vmPFC UCR is presented in graph (f). Talairach
coordinates for the depicted areas of activation are presented in Table 4 and labeled with letters (a-e) corresponding to each image above.

DISCUSSION
The ability to learn cues that predict threats is critical to
survival. These cue-threat relationships are established when
outcomes violate our expectations [53]. These relationships
are supported by associative learning and expectancy-related
processes that may somewhat independently influence the
magnitude of the threat-elicited response [10-12, 15, 17].
Therefore, the present study used CS presentations that were
difficult to discriminate to investigate the neural processes
that support conditioned UCR diminution in the absence of

differential UCS expectancies to better understand
associative learning processes that mediate UCR diminution.
In the present study, we observed learning-related
changes in UCS expectancy and unconditioned SCR
expression. By design, UCS expectancy was high on
CS+UCS and CS−UCS trials. In contrast, UCS expectancy
on UCS alone trials was rated around 50 (Fig. 2a). These
findings demonstrate that volunteers expected the UCS
following the CS+ and CS−, but remained uncertain about
the timing of the UCS alone during the conditioning session.
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UCS expectancy was also associated with the amplitude of
threat-elicited SCR expression. Specifically, unconditioned
SCR amplitude was decreased on CS+UCS and CS−UCS
trials (when UCS expectancy was high) compared to the
UCS alone (when UCS expectancy was lower) on Early test
trials (Fig. 2b). These findings are consistent with prior work
that has shown a decreased UCR when the UCS is
predictable vs. unpredictable [8, 9, 11, 54]. Based on our
pilot data, we also expected to observe greater unconditioned
SCR diminution during CS+UCS than CS−UCS trials in this
study. Findings of differential SCR, with equivalent UCS
expectancy, would allow us to address questions related to
learning independent of conscious expectations. However,
no difference in unconditioned SCR expression was
observed between CS+UCS and CS−UCS trials. Therefore,
there is no evidence of conditioned UCR diminution that is
independent of UCS expectancy in the present study. The
lack of differential SCRs on CS+UCS vs. CS−UCS trials is
likely due to the lack of discriminative control gained by the
CS. Given that the CS+ and CS− were difficult to
discriminate, evidenced by high expectancy ratings,
participants appear to have interpreted the acquisition phase
as a 50% reinforcement schedule of a single CS rather than
separate presentations of a CS+ and CS−. Therefore, the lack
of differential unconditioned SCRs during CS+UCS
compared to CS−UCS trials appears to be due to a deficit in
learning the CS discrimination.
Although there is no evidence of learning, independent of
expectancy, we did observe conditioned UCR diminution in
other contrasts in the present study. Unconditioned SCR
amplitude was diminished on CS+UCS and CS−UCS trials
compared to the UCS alone trials. This pattern was also
observed in the fMRI signal within the left dlPFC (z = 35.0),
dmPFC, vmPFC, and left anterior insula. These findings are
generally consistent with prior studies that have shown UCR
diminution within these brain regions [10, 15, 17]. However,
contrary to our prior work, an enhanced threat-related fMRI
response was observed within other brain regions including a
more superior region of left dlPFC (z = 51.7), bilateral IPL,
and bilateral posterior insula. Similar to the SCR data, there
were no differences between CS+UCS and CS−UCS trials
within any of the brain regions that demonstrated learningrelated changes in the threat-elicited fMRI signal response
(Tables 1 and 2). Taken together, the present findings
replicate prior studies that have shown learning-related
changes in brain activation that resemble the pattern of the
emotional response produced [15, 17, 22, 39, 40].
Prior work suggests that UCS expectancy modulates the
magnitude of the threat-related fMRI signal response [10, 15,
17]. Prior work has also shown that conscious expectation
influences the emotional response produced by a threat [10,
11, 15–17]. Similar results were observed in the current
study. Consistent with our prior work, a negative relationship
was observed between UCS expectancy and brain activity in
regions that showed conditioned UCR diminution [17].
Specifically, a negative relationship was observed between
UCS expectancy and brain activation within dmPFC,
vmPFC, and left anterior insula (Table 1). However, a
positive relationship was observed between UCS expectancy
and the amplitude of the threat-related fMRI signal response
within left IPL (Table 2). This relationship between the
unconditioned fMRI signal response and UCS expectancy
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was not observed in our group level multiple linear
regression analysis. The regression analysis was conducted
on a voxel-wise basis and accounted for additional measures
of interest (e.g. stimulus type). These findings suggest that
UCS expectancy varied with the mean percent signal change
of the threat-related fMRI signal response within the ROIs as
a whole. However, UCS expectancy did not explain unique
variance within the threat-related fMRI signal response
within these brain regions. These findings replicate prior
conditioning work that employed CS presentations that were
easy to discriminate [17]. In addition, these data support
previous research that suggests that regions of the PFC
support associative learning processes [55, 56].
The PFC appears to support top-down processes that are
important for emotion regulation. Prior work has
demonstrated a negative relationship between anticipatory
PFC activity and the threat-related response within the
amygdala [17, 38]. Specifically, as anticipatory PFC activity
increased, the neural response to the threat decreased [17].
The data from the current study are generally consistent with
this previous research. In the current study, a negative
relationship was observed between anticipatory activation
within the PFC and threat-related activity within brain
regions that showed UCR diminution (Table 1). Specifically,
as anticipatory activity within dlPFC, dmPFC, vlPFC,
vmPFC, and the amygdala increased the threat-related response within left dlPFC, dmPFC, vmPFC, and anterior insula
decreased (Table 4, Fig. 4). These findings demonstrate that
anticipatory brain activity affects the response elicited by a
threat. The primary focus of fear conditioning research has
typically been centered on the anticipatory response to a
threat. This prior work has contributed to the development of
cognitive, behavioral, and drug interventions [28, 57-59] and
has provided a better understanding of the aberrant top-down
emotion regulation processes that are observed in conditions
such as posttraumatic stress disorder (PTSD) [27, 29, 60-62].
The current findings demonstrate neural mechanisms that
influence the threat-related emotional response and may
offer novel insights for future clinical research on emotion
regulation.
In summary, conditioned diminution of the unconditioned SCR and fMRI signal response was observed during
Pavlovian fear conditioning. UCR diminution was observed
within left dlPFC, dmPFC, vmPFC, and left anterior insula.
Consistent with prior work, many of the brain regions that
showed learning-related changes in the threat-related fMRI
signal response varied with UCS expectancy [10, 15, 17].
Further, a negative relationship was observed between the
brain regions that showed UCR diminution and anticipatory
PFC activation (i.e. dlPFC, dmPFC, vlPFC, and vmPFC).
This finding supports prior work that suggests top-down
mechanisms provided by the PFC inhibit the emotional
response produced by a threat. The findings from the current
study provide a better understanding of the neural
mechanisms that support associative learning processes that
modulate the response to a threat.
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ABBREVIATIONS
CS

=

conditioned stimulus,

UCS

=

unconditioned stimulus,

CS+

=

CS paired with the UCS during acquisition
blocks,

CS+UCS

=

CS+ paired with the UCS on test trials,

CS−

=

CS presented alone,

CS−UCS

=

CS− paired with the UCS on test trials,

CR

=

conditioned response,

UCR

=

unconditioned response,

SCR

=

skin conductance response,

PFC

=

prefrontal cortex,

IPL

=

inferior parietal lobule
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