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Behavioral/Systems/Cognitive
Dynorphins Regulate Fear Memory: from Mice to Men
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Lukas Scheef,? Henrik Walter,>* and Andreas Zimmer!*
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Reexposure to trauma reminders is an integral element of trauma-focused cognitive behavioral therapy (Roberts et al., 2009), but little is
known about the physiological processes underlying the therapeutic progress. While it is well established that amygdala, prefrontal
cortex and hippocampus are key brain structures in fear memory processing (McGaugh, 2004; Herry et al., 2008; Likhtik et al., 2008), it is
not well known which neurotransmitters or neuromodulators are involved. Here with a translational approach we investigated the role of
dynorphins in the formation and extinction of fear memories in mice and in humans. Mice lacking dynorphin showed an enhanced
cue-dependent fear conditioning, as well as delayed extinction in contextual conditioning/extinction paradigms. The pharmacological
blockade of k-opioid receptors before the extinction trials but not before or after the conditioning produced a similar effect. Analysis of
neuronal activity, using the immediate early gene c-fos, demonstrated a reduced neuronal activity in key limbic structures during
extinction in the absence of dynorphin. Translating these findings into the human domain, fear conditioning and extinction, coupled with
functional MRI was then performed in volunteers preselected for a functionally relevant polymorphism in the dynorphin gene. Human
volunteers bearing the (T) allele of PDYN (prodynorphin) at rs1997794 showed reduced fear extinction and a significantly diminished
functional connectivity between amygdala and ventromedial prefrontal cortex. Our findings establish a role of dynorphin k-opioid

receptor signaling in fear extinction.

Introduction
The formation of fear memories after stress exposure is an adaptive
phenomenon that helps to avoid similar situations and to improve
future coping strategies. Fear learning is a highly effective and fast
process: a single exposure to strong stress often leads to the forma-
tion of long-lasting fear memories. However, adaptation to a chang-
ing environment also requires the extinction of the fear memories.
Extinction learning is slower than fear learning and usually requires
multiple nonreinforced expositions to the fear associated cues or
context (Myers and Davis, 2002, 2007). Fear learning is essentially a
classical Pavlovian conditioning, whereas extinction learning is a
more complex process whereby recall of the fear memory and detec-
tion of the prediction error are necessary for the acquisition and
consolidation of a new safety memory (Myers and Davis, 2007).
The amygdalar nuclei play a pivotal role in the formation of
fear memories through a Pavlovian conditioning process (Maren
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and Quirk, 2004). The infralimbic region of the prefrontal cortex
(Milad and Quirk, 2002; Peters et al., 2010) and the hippocampus
(Radulovic and Tronson, 2010), areas exerting inhibitory control
over the amygdala (Herry et al., 2010), activate the inhibitory
circuits of the amygdala during extinction learning (Herry et al.,
2008). Thus, the activity of these regions and the communication
between them are crucial for successful fear extinction, thus for
the efficacy of the exposure therapy.

The endogenous opioid peptide dynorphin and its receptor,
the k-opioid receptor (KOR) (Schwarzer, 2009) are abundantly
expressed in areas involved in fear learning (Akil et al., 1984; Ma
et al., 2003). In stressful, aversive situations dynorphins are re-
leased (Palkovits, 2000; Shirayama et al., 2004) and they mediate
acute stress responses influencing the intensity and duration of
behavioral and hormonal stress reactivity (Bilkei-Gorzo et al.,
2008). Several lines of evidences suggest that dynorphin signaling
also contributes to the formation and extinction of aversive
memories. It was shown that activation of KORs by dynorphins
mediates the aversive component of the stress situation (Land
etal., 2009) and KOR signaling encodes the aversive emotional
component of the stress-related event by recalling stress mem-
ories (Bruchas et al., 2007). Moreover, dynorphins contribute
to attention focusing (Iordanova et al., 2006), which is a char-
acteristic feature of the acquisition of stress-related memories
(Phelps, 2006). Paradoxically, dynorphin exerts its effect on
attention through blocking the formation of memories unre-
lated to the stress situation. In good accordance with the pro-
posed proamnesic role of dynorphins it was shown that
dynorphins contribute to stress-induced learning and mem-
ory deficits (Carey et al., 2009).



9336 - J. Neurosci., July 4, 2012 - 32(27):9335-9343

Materials and Methods

Animals and drugs. All experiments were conducted with 3- to 5-month-
old male wild-type and null-mutant mice lacking either dynorphin
(Pdyn ') (Zimmer et al., 2001), proenkephalin (Penkl /™) (Konig et
al., 1996), or B-endorphin (B-end. ’~) (Rubinstein et al., 1996). Ani-
mals were kept under a reversed light/dark cycle (lights on: 7:00 P.M.;
lights off: 9:00 A.M.) in groups of 3-5. For the pharmacological treat-
ments the opioid receptor blocker nor-binaltorphimine (nor-BNI) was
purchased from Sigma-Aldrich. The freshly prepared solution was in-
jected intraperitoneally in a volume of 10 ml/kg.

Context-dependent fear conditioning and extinction. On day 1 of the
preconditioning phase, the animals were placed into an open-field arena
with a grid floor (Experimetria Ltd) and time spent with freezing was
registered for 5 min (Bilkei-Gorzo et al., 2007). In the immediately fol-
lowing fear-conditioning phase, they received 10 inescapable footshocks
(2's,0.5 mA) with 30 s intervals. The animals were then returned to their
home cage. In the extinction phase, 24, 48, 72, and 96 h after fear condi-
tioning, the animals were placed back to the same arena and freezing time
was registered for 5 min. For statistical analysis one-way repeated-
measures ANOVA was used followed by Dunnett’s test, separately for the
groups.

To assess the effect of k receptor antagonism on the formation and
extinction of fear memory three groups of animals were treated with
nor-BNI (10 mg/kg, i.p.) or vehicle (saline). Mice from group A were
injected 30 min before, from group B just after the fear conditioning
phase and the group C was treated just after the extinction trial.

Cue-dependent fear conditioning and extinction. For fear conditioning,
animals were placed into a Plexiglas and wire mesh cage, with metal bars
on the floor on a vibration-sensitive platform of a startle response appa-
ratus (TSE Systems GmbH). Each cage was located in a ventilated, sound-
and light-isolated chamber. The animals were allowed to habituate for 5
min and time spent with freezing was measured in this preconditioning
period. Freezing was assessed as periods spending motionless i.e., pro-
ducing no signal on the vibration sensor at least 3 s (Marsicano et al.,
2002). After habituation the animals received a signal tone (9 kHz, 80 dB,
20's), which coterminated with an electric footshock (1s,0.5mA). Warn-
ing signal with the footshock was presented 10 times with 30 s intervals.
In the extinction phase, 24 h and 6 d after the fear conditioning the
animals were placed into the startle apparatus, but in a glass cylinder (6
cm diameter). After a 5 min habituation period the warning signal was
presented 3 min long without applying footshock. Mean and SE of time
spent with freezing during the preconditioning phase and in the two
extinction phases was calculated and groups were compared using two-
way ANOVA (genotype and phase as main factor). Consecutively, freez-
ing time in 20 s intervals was calculated and the data were analyzed using
repeated two-way ANOVA (between factor: genotype, within factor:
time) followed by Bonferroni test, separately for the two extinction trials.

c-fos IR in the brain. A separate group of animals (5 per group) was
used to test the effect of fear conditioning and extinction on immediate
early gene induction, a surrogate marker for neuronal activation (Bilkei-
Gorzo et al., 2008; Kovécs, 2008). The brains were removed after tran-
scardial fixation with 4% paraformaldehyde (PFA) solution 2 h after the
fear conditioning at day 1, or after the first extinction trial at day 2. The
brains were postfixed at 4°C in PFA solution for 90 min and equilibrated
in 10% sucrose solution for 24 h. Subsequently, they were shock frozen
and stored at —80°C until further processing. Brains were sliced in a
cryostat at 14 wm thickness. The sections were labeled using rabbit anti-
c-fos primary antibody and a biotinylated donkey anti-rabbit-IgG sec-
ondary antibody. Staining was performed with the ABC-Kit (Vector
Labs). The number of labeled cells in the infralimbic and prelimbic re-
gions of the prefrontal cortex, basolateral amygdala and the CA3 region
of the hippocampus was counted. Density of c-fos-positive nuclei was
calculated (count/mm?) using 4—6 slices per animal. The size of the
counting frames was identical between the groups but differed between
the brain areas. To obtain a baseline c-fos expression under stress-free
conditions, control Pdyn-null mutant and wild-type animals were killed
just after removing them from their home cage and their brains were
prepared, sliced and stained as described above. Groups were compared
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using two-way ANOVA (main factors: genotype, footshock) genotypes
were compared by Bonferroni test.

Human subjects. Thirty-three healthy German volunteers with par-
ents and grandparents of European origin were recruited in Bonn. All
subjects gave written informed consent to the study. No participant
had lifetime or family history of affective disorder. To rule out effects
of altered mood states in this study, subjects had to complete the Beck
Depression Inventory and the Allgemeine Depressionsskala (German
version of CES-D-Scale). Eight subjects were rs1997794 CC homozy-
gotes, 13 CT heterozygotes and 12 TT homozygotes. The allele
frequencies were in Hardy-Weinberg equilibrium (x* = 0.008, p =
0.93). Groups did not differ with respect to age (mean age = 26.7 (SD
6.8); F(5.30, = 0.63; p = 0.54) and gender (x* = 2.49; p = 0.29). The
study was approved by the local ethics committee of the University of
Bonn.

DNA-extraction and genotyping. EDTA anti-coagulated venous blood
samples were collected from all individuals. Lymphocyte DNA was iso-
lated by a Chemagic Magnetic Separation Module I (Chemagen) accord-
ing to the manufacturer’s recommendations. Rs1997794 was genotyped
using the ABI Assays-On-Demand SNP Genotyping products (Applied
Biosystems) according to the manufacturer’s instructions.

Functional imaging task. The paradigm used for acquisition and ex-
tinction of fear responses was based on a partial reinforcement paradigm
previously published (Phelps et al., 2004). Conditioned stimuli (CSs)
were colored squares (blue and green) and the unconditioned stimulus
(UCS) was a mildly painful laser shock to the foot. All CSs were presented
for 4 s with an intertrial interval of 12 s. One of the colored squares was
designated as the CS+, which was paired with the UCS, and the other was
designated as the CS—, which was never paired with a UCS. Subjects were
informed about these contingencies before the start of the study. The
study was conducted on two consecutive days and consisted of three
phases. During acquisition (phase 1) on day 1 subjects were exposed to 20
presentations each of the CS+ and CS— in randomized order. Ten ad-
ditional CS+ presentations coterminated with a UCS. After the acquisi-
tion phase subjects rated the intensity of the pain stimulus on a 10-point
Likert scale (0 = not painful at all, 10 = unbearable pain). This was
followed by the early extinction (phase 2), which consisted of 20 unrein-
forced presentations of the CS+ and 20 presentation of the CS—. On day
2 ~24 h after the first session, subjects participated in the late extinction
(phase 3), which consisted of 22 unreinforced CS+ and 22 CS— stimuli.
Subjects were told before each of the phases, that they will see blue and
green colored squares and that it may be possible that during presenta-
tion of the green square a painful stimulus will be applied on their left
foot. All subjects were able to complete all sessions. Additionally, before
and after each scanning day, subjects had to complete the state version of
the State-Trait-Anxiety-Inventory (STAI) to test for effects of genotype
on anxiety levels before and after scanning. Finally, subjects completed
the BDI, ADS and the trait version of the STAIL

FMRI acquisition. BOLD fMRI was performed on a Phillips Achieva 3T
scanner at the Department of Radiology, University of Bonn. Scanning
parameters were the same for all tasks. Functional images were taken with
a gradient echo planar imaging sequence using parallel imaging (sensi-
tivity encoding, SENSE factor 2). Whole brain coverage was obtained
with 38 axially tilted slices (slice thickness 2.4 mm + 0.6 mm gap, FOV
192 mm, repetition time 1960 ms, echo time 30 ms, 64 X 64 matrix,
reconstructed voxel size 3 X 3 X 3 mm?, flip angle 80°).

Laser stimulation was performed by a Thulium (Tm)-YAG-Laser
(Themis, StarMedTec) and stimulation was applied at the dorsal surface
of the left foot with 650 mJ. To avoid damage of the epidermis by repet-
itive application of laser stimuli to the same skin area, the laser stimula-
tion focus was moved around the target area by keeping the angle of the
laser beam constant (rectangular to the skin surface).

Skin conductance responses (SCRs) were acquired during fMRI acqui-
sition using Ag/AgCl electrodes attached to the palmar surface of the left
index and middle finger, and the signal was amplified and digitized via a
skin conductance processing unit (Nexus-16, Mind Media). The filtered
analog output of the SCR was displayed online and recorded digitally
(sampling rate 100 Hz) using Biotrace software (Mind Media).
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Functional image processing. Image processing and statistical analyses
were conducted using statistical parametric mapping methods as imple-
mented in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/spm5/)
and were similar for all tasks. Briefly, images were realigned to a mean
image, slice time corrected, spatially normalized to a standard stereotac-
tic space (a brain template created by the Montreal Neurological Insti-
tute), resliced to a spatial resolution of 2 X 2 X 2 mm 2, smoothed with an
8 mm FWHM (full-width at half-maximum) Gaussian filter and inten-
sity normalized to the whole-brain global mean. The regression model at
the first level consisted of three (CS+, CS-UCS, acquisition) or two
(CS+, CS—, extinction) regressors convolved with the hemodynamic
response function and six regressors describing residual motion. For
each subject, statistical contrast images of CS+ versus CS— were ob-
tained. For the acquisition period we obtained an additional contrast
image for UCS versus CS—. To test for genetic association, these contrast
images were analyzed using the general linear model in a second-level
random effects analysis (two-sample t test (Group 1: CC + CT; Group 2:
TT). Because of the small number of CC individuals, we pooled individ-
uals with either one or two copies of the C allele (CT, CC) for subsequent
analyses to identify genotype effects on activation or connectivity. To test
for effects of decreasing activation (time by event interaction) during
early and late extinction, mirroring SCRs, we performed an additional
first-level analysis with parametric modulation, including a linear decay
over time for the CS+ during early extinction and an exponentially
decaying function over time for the CS+ during late extinction. Second
level analyses were similar to those described above.

Functional connectivity analyses. Analyses to measure functional con-
nectivity used a seed region approach (Esslinger et al., 2009; Erk et al.,
2010). For each subject, seed time series from the left and right amygdala
were extracted using first eigenvariates from all voxels within an
amygdala mask. To derive a robust summary measure of activity in the
amygdala region of interest (ROI), we excluded white matter by restrict-
ing the averaging to voxels related to task at a p < 0.5 level; this was not
used for statistical inference. Using SPM5, seed time series were high-
pass filtered (128 s) and task related variance was removed to avoid
measuring coactivation that is solely due to temporal correlation with the
experimental paradigm. To account for unspecific noise, first eigenvari-
ates from masks covering CSF and white matter were extracted for each
individual and entered, together with movement covariates and task re-
gressors, into whole brain multiple regression analyses where the respec-
tive seed region time series, i.e., the time series from the right or left
amygdala was the covariate of interest. Thus, we identified voxels whose
activity show significant covariation with the left or with the right
amygdala. Here, two brain areas are called functionally connected if their
BOLD signal time series covary over time. The resulting maps of partial
correlation with the left or right amygdala seed region were then each
subjected to a random effects analysis in SPM5 using a two-sample ¢ test
as described above.

Statistical inference. For all imaging methods, the significance thresh-
old was set to p < 0.05, corrected for multiple comparisons across the
whole brain, or for anatomical ROI. We used familywise error (FWE), a
widely used method, which strongly controls for type I error in imaging
genetics (Meyer-Lindenberg et al., 2008). The amygdala ROI for seed
voxel extraction and ROI analysis was defined a priori and created using
anatomical labels provided by the Wake Forest University PickAtlas
(www.fmri.wfubmc.edu/downloads).

Analysis of skin conductance responses. Data were resampled to 10 Hz,
smoothed using a 0.7 s FWHM Gaussian kernel and log (10) trans-
formed. We analyzed amplitudes of responses that occurred in a time
window of 0—8 s after CS onset (duration of CS = 4 s). For analysis of
CS+ responses we only analyzed responses on unpaired trials, to exclude
possible influences of the UCS. Amplitudes were determined as the dif-
ference between the maximum response within the analysis interval and
abaseline response within a 2 sinterval preceding the respective stimulus.
We tested for a condition X trial and a group X condition X trial inter-
action with ANOVA for repeated measures. Additionally we tested for an
interaction of group X CS+ trials only.
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Results

Fear conditioning and extinction in mice

To investigate the role of dynorphin in the formation and extinc-
tion of fear memories, we first studied preprodynorphin deficient
animals (Pdyn ~'~) and wild-type littermates in a contextual fear
conditioning and extinction paradigm. Duration of freezing dur-
ing the conditioning and extinction trials significantly changed in
mice from both genotypes (F, = 8.552; p < 0.001 for
Pdyn™*'" and F 49, = 3.997; p < 0.01 for Pdyn~'"). Post hoc
analysis of the data with Dunnett’s test revealed that animals from
both lines displayed a significantly increased freezing behavior in
the footshock-associated environment (compare Fig. 1A, PC vs
El), indicative of a conditioned fear response. In consecutive
trials, after 24 h intervals, the time spent with freezing gradually
returned to the pre-footshock value in Pdyn *'* animals, indicat-
ing an extinction of the conditioned fear response. In contrast,
the freezing behavior of Pdyn ~'~ mice remained constantly high,
indicating that these mice show no extinction of the conditioned
fear response (Fig. 1A). This effect cannot be attributed to an
enhanced habituation in the null mutants, because the time spent
with freezing did not differ between the genotypes, when we re-
peated the experiment with a separate group of animals without
applying footshock stress (genotype effect: F(, o5y = 0.354, not
significant). These animals therefore showed normal fear condi-
tioning, but a strikingly impaired extinction of fear memory.

We next studied a different group of animals in a cued version
of the fear conditioning/extinction paradigm, where mice were
conditioned to associate a tone with a footshock stressor (Marsi-
cano etal., 2002). The change in freezing time in the three trials of
the experiment (preconditioning, 24 h and 6 d after the condi-
tioning) significantly differed between the genotypes (geno-
type X trial interaction: F(, 5,) = 3.891; p < 0.05; Fig. 1 B). Post
hoc analysis of the data revealed that the time spent with freezing
was significantly elevated 24 h after the fear conditioning in the
first extinction trial in wild-type animals, but in the second
extinction trial 6 d after the conditioning it returned to the pre-
conditioning values. In contrast, the freezing behavior of
Pdyn '~ mice remained constantly high. The freezing behavior
significantly reduced within the extinction trial 24 h after the
conditioning (time effect: F(g ; 44y = 4.930; p < 0.001), similarly in
both genotypes (genotype X time interaction: Fg 44, = 0.573;
p >0.05). However, Pdyn ~'~ mice showed more freezing during
the whole trial (genotype effect: F(, ;,,) = 5.944; p < 0.05; Fig.
1 B). When animals were reexposed to the tone stimulus 6 d after
the conditioning, we still found an enhanced freezing response in
Pdyn ™'~ mice (genotype effect: F; 1,0, = 7.217; p < 0.05; Fig.
1 B). The extinction of the fear response within the trial was again
similar between Pdyn "' and Pdyn '~ mice (genotype X time
interaction: F(g 144y = 0.8145 p > 0.05).

To determine whether other endogenous opioid peptides also
contribute to the formation and extinction of fear memories, we
studied mice with a genetic invalidation of B-endorphin (Rubin-
stein et al.,, 1996) or preproenkephalin (Penkl) (Konig et al.,
1996). As shown in Figure 1C, mice from both strains showed
normal contextual fear conditioning and extinction (F 49, =
4.589; p < 0.01 for Penkl '~ and F449) = 6.526; p < 0.01 for
B-endorphin '~ . Thus, although enkephalin and endorphin opi-
oid peptides are involved in the regulation of emotional behav-
iors and stress responses (Bilkei-Gorzo et al., 2008), only
dynorphin seems to affect extinction of fear memories.

We next determined whether acute pharmacological blockage
of dynorphin signaling with the KOR antagonist nor-BNI had
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Figure 1.  Formation and extinction of stress-induced freezing. A, Normal conditioning, but
impaired extinction of context-specific fear responses was observed in Pdyn ~/~ mice. En-
hanced freezing behavior elicited by footshock stress persisted during the four consecutive
extinction trialsin Pdyn '~ animals, whereas wild-type mice showed an extinction of the fear
response in the second extinction trial. PC, Preconditioning trial; E1—E4, extinction trial 1—4.
*p << 0.05; **p << 0.01 significantly different from the value measured at the first extinction
trial (one-way ANOVA followed by Dunnett’s test; n = 10). B, When the animals were tested in
a new environment in the presence of a stress associated cue, Pdyn ~/~ animals showed an
enhanced freezing during the tone presentation hoth 24 h and 6 days after the fear conditioning
accompanied by an impaired fear extinction. PC, Preconditioning trial; 24h, 24 h after condi-
tioning: 6d, 6 days after conditioning. *p << 0.05; ***p << 0.001 significantly different from the
value measured 24 h after the conditioning. ™ p < 0.01 significant difference between the
genotypes on the same test day (two-way ANOVA followed by Bonferroni's t test; n = 10—8).
C, The time spent with freezing in Penk1 or B-endorphin-null mutant animals was significantly
enhanced 24 h after the fear conditioning in the first extinction trial, but not later on. PC,
Preconditioning trial; E1—E4, extinction trial 1-4. **p < 0.01 significantly different from the
value measured at the first extinction trial (E1) (one-way ANOVA followed by Dunnett’s test;
n=10).

similar effects on fear memory extinction. Thus, wild-type mice
were treated intraperitoneally with nor-BNI (10 mg/kg, i.p.) 30
min before or immediately after fear conditioning or the extinction
trials. Fear conditioning followed by context-specific extinction
trials induced a significant change in freezing time in wild-type
animals treated before conditioning (vehicle-treated: F, ,o) =
9.071; p < 0.001; norBNI-treated F, 4o, = 8.164; p < 0.001), after
conditioning (vehicle-treated: Fy, 44 13.47; p < 0.001;
norBNI-treated F, 44y = 10.96; p < 0.001) or after the extinction
trials (vehicle-treated: F, . = 12.30; p < 0.001; norBNI-
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Figure2. A, B, Intraperitoneal injection of the «-antagonist nor-BNI (10 mg/kg), 1 h before
the fear conditioning (A) or just after it (B), did not alter the formation or extinction of fear
memory. €, Animals injected with nor-BNI after the extinction trials did not show a significant
decrease infreezing behavior in the extinction trials. PC, Preconditioning trial; E1—E4, extinction
trial 1-4. *p < 0.05; **p < 0.01 significantly different from the value measured at the first
extinction trial (E1) (one-way ANOVA followed by Dunnett's test; n = 10).

treated F, 49y = 5.055; p < 0.01). As shown by the significant
difference between the time spent with freezing in the first
extinction trial and freezing time in the preconditioning phase
or in the consecutive extinction trials pharmacological block-
ade of k-opioid receptors by nor-BNI had no effect on fear
memory formation or extinction when applied before or after
the conditioning session (Fig. 2A, B). However, it completely
blocked the extinction of fear memory when administered
after the extinction sessions (Fig. 2C).

c-fos IR in the brain

To identify brain areas responsible for the extinction deficit in
Pdyn '~ mice we compared the neuronal activity in the brains of
Pdyn ™" and Pdyn '~ animals during contextual fear condition-
ing and extinction. For this purpose, we analyzed induction of the
immediate early gene c-fos 1 h after contextual fear conditioning
and extinction (Kovacs, 2008). In good agreement with the be-
havioral results, we found a significant difference in the c-fos
reactivity between the strains in the basolateral amygdala (ge-
notype X trial interaction: F, ,5,) = 15.84; p < 0.001), infra-
limbic cortex (genotype X trial interaction: F, ;5,) = 5.956;
P <<0.01), CA3 (genotype X trial interaction: F, ;59 = 6.300; p <
0.01) region of the hippocampus and in the ventrolateral periaque-
ductal gray area (genotype X trial interaction: F, ;55) = 18.85;
p <0.001). In the prelimbic cortex fear conditioning and extinc-
tion induced similar expression change in Pdyn /" and Pdyn '~
mice (genotype X trial interaction: F, ;5,, = 0.330; not signifi-
cant) (Fig. 3D). Post hoc analysis of the data using Bonferroni test
revealed a similar pattern and intensity of c-fos immunoreactivity
in both genotypes in the basolateral amygdala, infralimbic cortex,
and in the hippocampus after the conditioning phase. However,
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dition X trial: F = 2.0, p = 0.009, condi-
tion X trial X genotype: F = 1.36, p = 0.14;
CS+ trial X genotype F = 1.17, p = 0.28).

In addition, during late extinction,
we found significantly altered functional
coupling between amygdala and ventro-
medial prefrontal cortex (VMPEC), a re-
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gion crucially implicated in extinction of
conditioned fear responses (Maren and
Quirk, 2004): Homozygote carriers of the
151997794 T allele exhibited significantly
diminished functional connectivity be-
tween left amygdala and VMPEC (x = 16,
y=24,z= —14,7Z=3.92, p <0.05 fami-
lywise corrected for multiple comparisons
within region of interest) and at a lower
level of significance also between right
amygdala and VMPFC (x = 16, y = 26,
z = —14, Z = 3.24, p < 0.001 uncor-
rected) (Fig. 5A,B).

Importantly, these pronounced differ-
ences in neural activity were not related to
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Figure 3.  Influence of fear conditioning and extinction on c-fos expression in wild-type and Pdyn ~/~ mice. A, Basolateral Discussion

amygdala. B, Infralimbic cortex. €, Hippocampus CA3 region. D, Prelimbic cortex. E, Ventrolateral periaqueductal gray. Pdyn ~/~
animals showed a reduced c-fos expression during the extinction phase in the basolateral amygdala, infralimbic cortex and
hippocampus. In the prelimbic cortex fear conditioning and extinction induced similar c-fos expression, whereas in the ventrolat-
eral periaqueductal gray area the expression of c-fos was reduced after fear conditioning and enhanced after extinction training in
thePdyn ~/~ mice. **p < 0.01; ***p < 0.001 difference between the genotypes (two-way ANOVA followed by Bonferroni test).

Scale bars, 50 m.

after the extinction trial we found a striking genotype difference,
with much reduced c-fos intensities in Pdyn /~ animals (Fig.
3A-C). In the ventrolateral periaqueductal gray area fear condi-
tioning induced a lower, whereas fear extinction a higher c-fos
expression in Pdyn ~'~ mice as in the wild-type animals (Fig. 3E).

Functional imaging study in humans

Analysis of genotype effects on regional brain activation revealed
a significantly increased activation of the right amygdala during
acquisition and late (day 2) extinction in homozygote carriers of
the (T) allele in response to the conditioned stimulus (CS+),
when compared with (C) allele carriers (x =22,y = —4,z = —18,
Z=13.55, p <0.05 familywise corrected for multiple comparisons
across region of interest) (Fig. 4A). We did not find a genotype
effect on early (day 1) extinction. Homozygous carriers of the (T)
allele also displayed significantly increased skin conductance re-
sponse compared with (C) allele carriers during late extinction
(condition X trial: F = 4.0, p < 0.001; condition X trial X geno-
type: F = 1.7, p = 0.026; CS+ trial X genotype: F = 2.44, p <
0.001, post hoc tests significant for trial number 5, 9, 13, 14, 16,
20), which might be indicative of prolonged heightened stress reac-
tivity in this group (Fig. 4B). No significant genotype-dependent
differences were found during acquisition (condition X trial: F =
3.1, p < 0.001, condition X trial X genotype: F = 0.37, p = 0.99;
CS+ trial X genotype F = 0.66, p = 0.86) or early extinction (con-

This study identifies dynorphin signaling
through k-opioid receptors as a critical
mediator of fear extinction in rodents and
in humans. Mice lacking dynorphin
showed an impaired extinction in the
context-dependent paradigm, as well as
an increased acquisition of a conditioned
fear response in a cue-dependent para-
digm. These data indicate that dynorphin signaling contributes
to the acquisition of amygdala-driven (Johansen et al., 2010; Pape
and Pare, 2010) cue-dependent fear learning, but not to the
hippocampus-driven contextual fear conditioning. Further-
more, they demonstrate that dynorphin is required for the ex-
tinction of contextual fear memories. The relevance of these
findings for humans was assessed by an imaging genetics ap-
proach in healthy volunteers. Our data show that a functionally
relevant polymorphism in the PDYN gene also affected fear ex-
tinction and the functional connectivity between amygdala and
ventromedial prefrontal cortex in humans.

We hypothesize that the footshock used for fear conditioning
in our study enhances dynorphin signaling in wild-type animals
as observed previously using different stressors (Shirayama et al.,
2004; Knoll et al., 2011). Dynorphin release helps to fight the
stress situation (Knoll and Carlezon, 2010) because it induces
analgesia (McLaughlin et al., 2003), regulates the hormonal and
behavioral stress responses (McLaughlin et al., 2003; Bilkei-
Gorzo et al., 2008; Schwarzer, 2009) and increases the motivation
to avoid stress inducing dysphoria (Bruchas et al., 2007). Dynorphin
also impairs memory formation (Carey et al., 2009), therefore it may
protect against the generation of intensive stress-related memories.
Although it was suggested that it improves focusing of attention to
stress-relevant cues (Iordanova et al., 2006), our results now show
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It was previously reported that norBNI
treatment leads to a long-term blockade
(> 3 weeks) of the analgesic effect of
dynorphin. However, norBNI did not al-
ter KOR binding characteristics when
tested 1 week after the treatment (Bruchas
etal.,2007). It is thought that norBNI sta-
bilizes the association between KOR and
c-Jun N-terminal kinase (JNK). This leads to a long lasting acti-
vation of JNK signaling (Bruchas and Chavkin, 2010). Our data
showing that norBNI-treatment before or after the conditioning
trial did not alter fear extinction therefore indicates that JNK
activation is not involved in KOR-mediated fear extinction
(Radulovic and Tronson, 2010).

Interestingly, only the deletion of dynorphin, but not en-
kephalin or B-endorphin, resulted in delayed fear extinction thus
suggesting a unique role of dynorphins within the endogenous
opioid family in the termination of stress-related memories. This
conclusion contradicts to the results of Fanselow, who reported
an enhanced conditioning after pharmacological blockade of
MOR, reduced response using k-antagonist and no effect of
d-antagonists in rats (Fanselow et al., 1991). In mice, acute treatment
by DOR agonist attenuated conditioned fear response (Saitoh et al.,
2004), and elevation of DOR signaling in the ventrolateral periaque-
ductal gray (but not outside this area) (McNally, 2005) facilitated
extinction. We now show that life-long reduction of enkephalin sig-
naling does not influence fear learning and extinction. The reason of
the discrepancy between the results of pharmacological or genetic
manipulation of opioid system activity is probably due to the differ-
ent consequences of short-term pharmacological versus long-term
genetic disruption of enkephalin signaling.

c-fos mapping of limbic areas after fear conditioning and ex-
tinction supported our hypothesis about the role of dynorphins
in fear memory extinction. We found a similar c-fos staining
intensity after fear learning and extinction training section in
wild-type animals in the basolateral amygdala and in the CA3
region of the hippocampus suggesting the active contribution of
these areas both to fear and safety learning. In Pdyn '~ mice,
however, the activity of these areas was reduced after the extinc-
tion trial. The activity of prelimbic cortex correlates with freezing
behavior, whereas infralimbic cortex, an analog area of the hu-
man vmPFC (Phelps et al., 2004), is critical for the extinction of

Figure 4. A, Regional brain activation. Homozygote carriers of the rs1997794 T allele (n = 12) show significantly stronger
activation in the right amygdala (x = 22,y = —4,z = —18,7 = 3.55) during acquisition and late extinction compared with C
allele carriers (n = 21, corrected for multiple comparisons across region of interest, FWE p << 0.05). Bar plots indicate size of effect
at the maximum activated voxel within the respective region. T, T-value of regional brain activation. B, Compared with C allele
carriers T homozygotes exhibit significantly increased skin conductance responses to the CS+ only during late extinction (p <
0.001) but not during conditioning (p = 0.86) or early extinction (p = 0.28).

fear-related behaviors (Sierra-Mercado et al., 2011). The number
of c-fos-positive cells in the prelimbic cortex was lower after ex-
tinction trial as after conditioning in both genotypes, showing
that the reason of the impaired fear extinction in Pdyn ~'~ mice is
not an enhanced activity of this area after extinction (Burgos-
Robles et al., 2009). In the infralimbic cortex, however, the den-
sity of c-fos-expressing cells was two times lower in Pdyn '~ asin
Pdyn*'* mice after the extinction training. The low c-fos expres-
sion in the infralimbic cortex and hippocampus suggest a re-
duced inhibitory control over the amygdala during extinction
training in the null mutants, which could be responsible for the
fear extinction deficit when the KOR signaling is reduced (Kim et
al., 2010). In the basal nucleus of the amygdala distinct neuronal
populations are active during fear conditioning and extinction
(Herry et al., 2008). It is therefore likely that the reduced c-fos
expression in this area after extinction training reflects a dimin-
ished activity of extinction-related neurons. Our results now sug-
gest an essential role of dynorphin signaling in the activation of
this neuronal population during the extinction of fear memories.

It has been shown that cocaine-induced expressions dynorphin
and c-fos are inversely related (Steiner and Gerfen, 1993) therefore
one would assume an enhanced c-fos staining after footshock or
after the extinction trial in Pdyn '~ animals. However, the inverse
relation between c-fos and dynorphin expression is probably specific
to cocaine-induced expression changes. Neither methylphenidate
treatment (Yano and Steiner, 2005), withdrawal from chronic am-
phetamine (Horner et al., 2009) nor postoperative pain (Campillo et
al,, 2010) induced opposite change in Pdyn and c-fos expression.
Moreover, the expression of c-fos after mild stress was reduced in
limbic areas of Pdyn ~/~ mice (Bilkei-Gorzo et al., 2008), similar to
its expression in the present study.

A prerequisite for safety learning, thus for the extinction of a
conditioned behavior, is the recall of the fear memory and the
detection of the prediction error (Herry et al., 2010). The aversive
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151997794 Tallele (n = 12) exhibit significantly reduced coupling of the VMPFCwith the (A) left
(VMPFC,x =16,y = 24,z = —14,7 = 3.92) and (B) right (VMPFC,x = 16,y = 26,2 = — 14,
7 = 3.24) amygdala seed region compared with C allele carriers (n = 21, coupling with left
amygdala corrected for multiple comparisons within region of interest, FWE p << 0.05; coupling
with right amygdala seed region, uncorrected p << 0.001). Bar plots indicate size of effect at the
maximum voxel in the left and right VMPFC. T, T-value of regional brain activation.

component of the past stress experience is encoded by dynor-
phin. Thus, in Pdyn '~ mice or in humans having reduced
dynorphin signaling because of a genetic variation in PDYN the
recall is incomplete, because the aversive component of the past
event is not appropriately represented. It may next impair the
prediction error detection and thus delay the extinction of the
fear memory. We cannot, however, exclude a direct contribution
of dynorphins in prediction error detection: Hippocampus
(Radulovic and Tronson, 2010) and the prelimbic cortex (Matsu-
moto etal., 2007) are key areas for prediction error detection, and
the activity of the hippocampus (but not the activity of the pre-
limbic cortex) was significantly reduced in Pdyn '~ animals after
extinction training. It has been suggested that the ventrolateral
periaqueductal gray area (vVIPAG) is also involved in prediction
error detection (McNally and Westbrook, 2003) and danger vi-
cinity (Mobbs et al., 2007). In wild-type animals the c-fos expres-
sion in this area was low (Fig. 3E) after extinction training
suggesting that the animals did not expect shock under no-shock
conditions. The high expression of c-fos in the vIPAG on the
other hand in Pdyn ~'~ mice shows that the VIPAG neurons de-
tected the deviation from the predicted shock, but the animals
continued to show freezing response. These results together sug-
gest a role of dynorphins in the fear extinction in the hippocam-
pus and prefrontal cortex but not in prediction error detection in
the vIPAG (McNally et al., 2005).

It was previously suggested that combination of the human
neuroimaging studies with animal model is an effective strategy
(Milad et al., 2006) to overcome the limitations of human func-
tional imaging and animals models alone (Milad and Quirk,
2012). Our result clearly shows the efficacy of this strategy. How-
ever, when comparing the results of the human and animals ex-

J. Neurosci., July 4, 2012 - 32(27):9335-9343 + 9341

periments two important differences should be noted: First, in
the animal studies the activity of KOR was near to zero after
pharmacological KOR blockade or genetic deletion of Pdyn. In
contrast, the Pdyn polymorphisms in humans probably pro-
duced only moderate differences in KOR activity. Also the exper-
imental condition was different, because the humans were
instructed before the conditioning paradigm, which is obviously
not possible for animals. Despite these significant differences the
fear conditioning and extinction tests in humans and mice pro-
vided largely similar results: Pdyn-null mutant mice and humans
bearing the TT allele of PDYN at rs1997794 showed stronger fear
reactions after conditioning, impaired extinction of the con-
ditioned fear response and altered activity of the amygdala
and prefrontal cortex during extinction. The involvement of
amygdala and prefrontal cortex (Gottfried and Dolan, 2004) as
well as the same role of hippocampus-vmPFC network (LaBar
and Phelps, 2005) in fear conditioning and extinction in humans
and rodents suggests an evolutionary conserved neuronal base of
fear and extinction learning. Previous functional magnetic reso-
nance imaging and anatomical studies also indicated the activa-
tion of vmPFC (Milad et al., 2005, 2007), and fMRI studies the
activation of amygdala during fear learning and extinction (Bach
etal,, 2011). These studies revealed that amygdala activation cor-
relates with the autonomic indices of fear (LaBar et al., 1998). We
used skin conductance as readout for fear conditioning, similar to
the method previously reported (Dunsmoor et al., 2012), because
it was shown that it is a sensitive parameter of fear in humans
(Bach et al., 2010) and correlates well with the recall and extinc-
tion of fear memory (Linnman et al., 2012). We did not find
decreased vmPFC activation during late extinction in homozy-
gote T-allele carriers—what should be expected from the litera-
ture and our results of increased amygdala activation and
heightened SCR—might be due to the small number of subjects.
However, diminished connectivity between amygdala and
vmPFC in this group can well explain our results and is in accor-
dance with previous evidence, suggesting that connectivity be-
tween these regions is in some way a better outcome predictor
than activity of one region alone (Kim et al., 2011).

The 151997794 single nucleotide polymorphism is located in
the promoter region of the Pdyn gene (Kolsch et al., 2009), there-
fore it may influence the expression of dynorphins (Babbitt et al.,
2010). Previously, in the 3'region of the gene located polymor-
phisms were associated with altered Pdyn expression in the hu-
man brain, where the rare allele was associated with lower Pdyn
levels (Yuferov et al., 2009). However, no direct functional effect,
such as conferring differences in gene expression or splicing, has
yet been attributed to this variant. At present it is unclear whether
the observed effects are due to rs1997794 or another genetic vari-
ant in linkage disequilibrium (LD). There even remains the pos-
sibility that variation at a different gene locus than PDYN, which
is in LD with rs1997794, is responsible for the observed effect.
However, the most straightforward interpretation of our data
suggests that PDYN is the gene causally implicated in the ob-
served changes: our results suggest that bearers of the (T) allele of
PDYN at rs1997794 probably have lower dynorphin levels, be-
cause they show alterations in fear-related behaviors and brain
area activities similar to those of animals with genetic deletion of
Pdyn.

These results point to a diminished extinction of the amygdala
response as a consequence of reduced coupling between
amygdala and VMPFC in humans bearing the (T) allele of PDYN
rs1997794. It was previously shown that the neuronal activity in
the prefrontal cortex is increased during extinction (Milad and
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Quirk, 2002), which in turn leads to a reduced amygdalar activity
(Quirk et al., 2003) and thus to lower fear reactivity (Milad et al.,
2004). Diminished coupling between the prefrontal cortex and
amygdala could thus be one mechanism contributing to the de-
layed fear extinction observed in these individuals—and also in
animals having reduced KOR signaling.
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