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Abstract

Background—The kappa opioid receptor (KOR) system contributes to the prodepressive and
aversive consequences of stress, and is implicated in the facilitation of conditioned fear and
anxiety in rodents. Here we sought to identify neural circuits that mediate KOR system effects on
fear and anxiety in rats.

Methods—We assessed whether fear conditioning induces plasticity in KOR or dynorphin (the
endogenous KOR ligand) mRNA expression in the basolateral (BLA) and central (CeA) nuclei of
the amygdala, hippocampus (HIP), or striatum (STR). We then assessed whether microinfusions
of the KOR antagonist JDTic (0-10.0 ug/side) into the BLA or CeA affect the expression of
conditioned fear or anxiety. Finally, we examined whether fear extinction induces plasticity in
KOR mRNA expression that relates to the quality of fear extinction.

Results—Fear conditioning upregulated KOR mRNA in the BLA by 65%, and downregulated
it in the STR by 22%, without affecting KOR levels in the CeA or HIP, or dynorphin levels
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in any region. KOR antagonism in either the BLA or CeA decreased conditioned fear in the
fear-potentiated startle paradigm, whereas KOR antagonism in the BLA but not the CeA produced
anxiolytic-like effects in the elevated plus maze. Effective fear extinction was associated with a
67% reduction in KOR mRNA in the BLA.

Conclusions—These findings suggest that fear conditioning and extinction dynamically regulate
KOR expression in the BLA, and provide evidence that the BLA and CeA are important neural
substrates mediating the anxiolytic-like effects of KOR antagonists in models of fear and anxiety.
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INTRODUCTION

The kappa opioid receptor (KOR) system is widely implicated in mediating the
prodepressive emotional and behavioral consequences of stress. KOR activation produces
dysphoria in humans (1, 2) and prodepressive-like behavioral signs in rodents, including
dysphoria (3, 4), anhedonia (5-7), and passive coping strategies (8-13). In contrast, KOR
antagonism or ablation of the genes encoding KORs or their endogenous ligand dynorphin
have antidepressant-like effects (9-14). We reported that systemic administration of KOR
antagonists also produces anxiolytic-like effects in models of conditioned fear and anxiety in
rats (15). Recent work has confirmed these findings (16, 17) and demonstrated an anxiolytic-
like phenotype in independent lines of prodynorphin (PDyn, the dynorphin precursor)
knockout mice that is reproduced in wild-type mice treated with a KOR antagonist (18,

19). Thus the KOR system appears to be an important mediator of both prodepressive

and anxious mood states. Given the high comorbidity of clinical depression and anxiety
disorders (20, 21), and their association with stress (20, 22, 23), these findings suggest that
dysregulation of KOR signaling within neural circuits involved in mood and motivation
contributes to the etiology of depression and anxiety disorders.

Studies characterizing the role of KOR systems in depressive behavior have focused mainly
on the mesocorticolimbic dopamine system and hippocampus (HIP) (5, 7, 11, 12, 24-26).
However, little is known about the neural circuits that mediate KOR system effects on fear
and anxiety. KORs and dynorphin are expressed throughout brain areas involved in fear and
anxiety, including in the basolateral (BLA) and central (CeA) nuclei of the amygdala and
the HIP, in humans and rodents (27-30). The amygdala is critically involved in conditioned
fear and anxiety-related behaviors, and many stress hormones and neuropeptides modulate
fear learning and memory via effects in this region (31-39). Although it is not known if
KOR signaling in the amygdala modulates fear learning and memory, evidence suggests
that plasticity in KOR system gene expression in limbic brain regions contributes to the
enduring prodepressive consequences of stress (11-13, 25, 26, 40). Because fear memory
is associated with altered gene expression in a broad neural circuitry that includes the
amygdala and HIP (41-46), we hypothesized that fear conditioning might induce plasticity
in KOR system gene expression in brain regions involved in fear and anxiety, and that KOR
signaling in these regions might facilitate conditioned fear and anxiety.
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Here we used gPCR to examine whether fear learning induces plasticity in KOR or
PDyn mRNA expression in the BLA, CeA, HIP, and striatum (STR). We then examined
the behavioral consequences of disrupting KOR signaling in the amygdala using local
microinfusions of the KOR antagonist JDTic into the BLA or CeA prior to testing
conditioned fear and anxiety. Finally, we examined whether fear extinction training alters
KOR mRNA expression in the BLA in a manner that relates to the quality of extinction.

MATERIALS AND METHODS

Rats

A total of 198 male Sprague-Dawley rats (325-375¢; Charles River Laboratories, Raleigh,
NC) were used. Rats were singly housed following surgery and maintained on a 12 hr light-
dark cycle with unrestricted access to food and water. Protocols were approved by McLean
Hospital’s Institutional Animal Care Committee and consistent with National Institutes of
Health policies.

Quantitative Real-Time Reverse Transcriptase Polymerase Chain Reaction (QPCR)

Drugs

Thirty-eight rats were used to determine if fear conditioning affects KOR or PDyn mRNA
expression in the BLA, CeA, and HIP; we also assessed gene expression in a portion of the
striatum (STR) dorsal to the amygdala in anticipation of using this region as a dorsal control
site in drug microinfusion studies. An additional 20 rats were used to determine if fear
extinction affects KOR mRNA expression in the BLA. We assessed levels of glutamic acid
decarboxylase 65 and 67 kDa (GAD65, GAD67) and PDyn in the BLA and CeA as an index
of dissection accuracy. GADG5 levels are decreased in the BLA 24 hr after fear conditioning
(47, 48), and thus GADG65 expression was used to confirm that our training parameters
induced molecular correlates of conditioned fear. On four consecutive days, rats were
briefly handled and then placed for 30 min into unilluminated fear-potentiated startle (FPS)
chambers (60 dB background noise) for acclimation. The next day, rats received a training
session consisting of 10 light-shock presentations (Light+Shock; 3.7 sec light conditioned
stimulus (CS) co-terminating with a 0.5 sec, 0.6 mA foot-shock unconditioned stimulus
(US); ~3 min inter-trial interval [ITI]). A separate group received 10 light presentations
(Light Alone). Eighteen hours after training, 20 rats (10 Light+Shock, 10 Light Alone) were
killed by decapitation for qPCR analyses, and 24 hr after training, 18 rats were tested for
FPS to confirm that our training parameters induced conditioned fear. The remaining 20 rats
were used to assess the molecular effects of fear extinction. Methods for tissue collection
and gPCR are provided in the Supplement.

JDTic was synthesized at Research Triangle Institute (Research Triangle Park, NC) and
dissolved in artificial cerebrospinal fluid (Harvard Apparatus, Holliston, MA); drug doses
are based on the salt form of JDTic.

Surgery and Microinfusions

To determine the effect of KOR antagonism in the amygdala on fear and anxiety, rats
received surgery to implant bilateral cannulas in the BLA (n=56) or CeA (n=54), as
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previously described (49). Cannulas (23-gauge; Plastics One, Roanoke, VVA) were directed
1.5 mm above the BLA (relative to bregma in mm: anteroposterior (AP) —2.8, mediolateral
(ML) 5.1, ventral to dura (DV) —7.7) or CeA (AP -2.6, ML +4.5, DV -7.3). Stainless
steel obturators and infusion stylets (30-gauge) extended 1.5 mm beyond the cannula. A
dorsal control group had bilateral cannulas implanted in the STR, 2.5 mm above the BLA
(AP -2.8, ML 5.1, DV -5.2) or 1.5 mm above the CeA (AP -2.6, ML +4.5, DV -5.8)
infusion sites. Behavioral data for sites dorsal to the BLA or CeA did not differ and thus
were combined into a single group.

Microinfusions were administered as previously described (49). Rats received infusions of
JDTic (3-10 pg/side; 5.4-18.0 nmol) in 0.5 pL/side over 5 min, 24 hr prior to behavioral
testing. JDTic is a highly selective KOR antagonist (50) that has a slow onset of antagonism
(effects peak ~24 hr after systemic administration) that is maintained for at least 7 days (51,
52).

Fear-Potentiated Startle (FPS)

Seventy-five rats were used to test the effect of KOR antagonism in the amygdala on

FPS (BLA, n=38; CeA, n=24; STR, n=13). A description of the FPS apparatus (Med
Associates, St. Albans VVT) is provided in the Supplement. Before surgery, rats received a
habituation session consisting of 100 startle stimuli (50-msec, 100-dB, 30-sec inter-stimulus
interval [ISI]) to determine baseline startle magnitudes. Following recovery from surgery,
rats received two habituation sessions separated by 48 hr to acclimate them to the holding
chambers and startle stimuli. Two and five days later, rats received conditioning sessions
consisting of 10 light-shock pairings (3.7-sec light co-terminating with a 0.5-sec, 0.6-mA
foot-shock, ~3-min ITI). Three days after conditioning, rats received a pre-test consisting of
15 habituating startle stimuli and 20 startle stimuli in which half were preceded by the light
CS, to form experimental groups with similar levels of fear. Rats received microinfusions

of JDTic or vehicle 20 min after the pre-test and received a full-length FPS test 24 hr later
consisting of 15 habituating startle stimuli and 60 startle stimuli in which half were preceded
by the CS. The operational measure of fear was the difference in startle in the presence and
absence of the CS (percentage of FPS=([startle in the presence of the light-startle in the
dark]/startle in the dark) x 100).

Fear Extinction

To determine if fear extinction alters KOR mRNA expression in the BLA, 20 rats were
subjected to fear conditioning as described above. One day later, rats were tested for
acquisition of FPS, and the following day were given extinction training consisting of 60
presentations of the CS (3.7 sec light, 30 sec ISI) alone. The next day, rats were retested
for FPS to assess the magnitude of fear extinction. Rats with the lowest (“good” extinction,
n=4) or highest (“poor” extinction, n=4) levels of FPS were inferred to have effectively or
ineffectively extinguished conditioned fear, respectively, and were killed immediately after
testing by decapitation and gene expression was analyzed using gPCR (see Supplement).

Data for each brain region were analyzed separately using one-way (treatment) ANOVAS,
and significant effects were analyzed using Dunnett’s post hoc tests. Two-way (treatment
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x time, group x time) ANOVASs were used to analyze the time course of FPS, followed
by Bonferroni post hoc tests. Studies comparing two treatment groups were analyzed using
Student’s ttests.

Elevated Plus Maze (EPM)

RESULTS

Sixty-five rats were used to test the effect of KOR antagonism in the amygdala on anxiety
in the EPM (BLA, n=18; CeA, n=30; STR, n=17). Methods for EPM and histology are
presented in the Supplement.

Tissue punches were obtained from the BLA, CeA, HIP, and STR, which have varying
degrees of dynorphin expression (27, 29) (Fig. 1A,B). Rats that received Light+Shock
training displayed marked conditioned fear, as indicated by a 72% increase in startle in

the presence of the light (Fig. 1C). Rats exposed to Light Alone did not show altered
startle in the presence of the light and had significantly lower FPS (4%) than rats receiving
Light+Shock training (4g=2.87, £<0.05) (Fig. 1C), demonstrating conditioned fear only

in rats that received paired training. We confirmed the accuracy of our dissections by
comparing levels of GAD65, GAD67, and PDyn in the BLA and CeA. The CeA contains
high levels of dynorphin (27) and a much higher density of GABAergic neurons (53,

54) than the BLA, which is composed primarily of glutamatergic neurons and contains
little dynorphin (27, 55, 56). CeA dissections had significantly higher levels of GAD65
(U=0.0, n1=n,=10, A<0.01), GAD67 (U=0.5, n1=n,=10, A<0.01), and PDyn mRNA (U=0.0,
n1=n,=10, £<0.01) than BLA dissections (Fig. 1D). Histological analyses also confirmed
the accuracy of our dissections (not shown). Melt curves and gel electrophoresis confirmed
the specificity of each primer pair used to amplify KOR, PDyn, and control gene mRNA
(not shown). Light+Shock training increased KOR mRNA by 65% (U=7.0, n1=n,=10,
FP<0.01) and decreased GAD65 mRNA by 26% (U=10.5, n1=n,=10, A<0.01) in the BLA,
without affecting PDyn or GAD67 mRNA (Fig 2A), consistent with prior studies (47, 48).
Light+Shock training also decreased KOR mRNA in the STR by 22% ((=20.0, n1=n,=10,
F<0.05), without affecting PDyn mRNA (Fig. 2D). There was no effect of Light+Shock
training on KOR or PDyn mRNA in the CeA (Fig. 2B) or HIP (Fig. 2C).

We microinfused the KOR antagonist JDTic into the BLA, CeA, or STR to test the
hypothesis that KOR signaling within these regions contributes to conditioned fear.
Representative images of cannula tracks and microinfusion placements for these regions
are provided in Figure S1 (see Supplement). Time course analyses indicated that JDTic
effects were most apparent within the first 20 min of the 30-min test session (Fig. 3). The
magnitude of FPS tended to decrease during the 30-min test session, and was significantly
reduced at the 30-min time point (block 3) in rats that received microinfusions of vehicle
into the BLA (tg=2.82, £<0.05) (Fig. 3A; Student’s ftest versus block 2), consistent with
within-session extinction (57). Reductions in FPS were not detected in vehicle treated rats
in the CeA (B) and STR (C) groups, which likely reflects higher levels of initial fear in
these groups. Comparison of FPS in rats that received vehicle into the BLA, CeA, or STR
(Fig. 3A-C) suggested that conditioning produced different levels of fear depending on the
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location of the cannulas, although these effects were not statistically significant. Rats with
cannulas in the BLA showed ~54% FPS in first 10-min block of testing (Fig. 3A), while rats
with cannulas in the CeA showed ~97% FPS (Fig. 3B), suggesting that cannulation of the
BLA decreased the efficacy of training. The within-session extinction profile for STR rats
treated with vehicle (Fig. 3C), suggests an inverted U-shaped function (i.e., FPS magnitudes
tended to increase in block 2); considering that high levels of fear can elicit a freezing
response that competes with expression of potentiated startle (58), these data suggest that
our training parameters established the highest levels of fear in this group.

In subsequent analyses we examined KOR antagonist effects on FPS during the first 20

min of testing, which was associated with the most reliable levels of fear. Microinfusion

of JDTic into the BLA affected the expression of the conditioned response (F2 30=4.15,
F<0.05), without affecting baseline startle (not shown): FPS was decreased in rats after
treatment with 3.0 (P<0.05, Dunnett’s tests) or 10 (P<0.05) pg/side (Fig. 4A). Microinfusion
of JDTic into the CeA also affected FPS (F5 16=4.05, £<0.05) without affecting baseline
startle (not shown): FPS was decreased in rats after treatment with 10 pg/side (£<0.05) (Fig.
4B). Microinfusion of JDTic into a dorsal control site in the STR did not affect FPS (Fig.
4C) or baseline startle (not shown). Histological analyses were used to identify rats with
bilateral cannula placements in the BLA (n=33; 10-12/group), CeA (n=19, 5-8/group), or
STR (n=13, 6-7/group) (Fig. 4D). Rats with misplaced cannulas (n=10) were excluded from
the analyses.

We also microinfused JDTic into the BLA, CeA, or STR to examine effects on
unconditioned anxiety in the EPM. Microinfusion of JDTic into the BLA affected behavior
in the EPM: JDTic (10 pg/side) increased the percentage of time rats spent in the open
arms (#4=2.40, P<0.05) and the number of entries rats made into the open arms (#4 = 2.78,
P<0.05) (Fig. 5A), without affecting closed arm entries or maze crosses (not shown). In
contrast, microinfusion of JDTic into the CeA (Fig. 5B) or STR (Fig. 5C) did not affect the
percentage of time rats spent in the open arms or open arm entries, or closed arm entries

or maze crosses (not shown). Comparison of open arm exploration in rats that received
microinfusions of vehicle into the BLA, CeA, or STR (Fig. 5A-C) suggested that basal
levels of anxiety depended on the location of the cannulas, although these effects were

not statistically significant. Histological analyses were used to identify rats with bilateral
cannula placements in the BLA (n=16, 7-9/group), CeA (n=20, 10/group), or STR (n=16,
7-9/group) (Fig. 5D). Rats that had misplaced cannulas (n=10) or fell from the maze (n=3)
were excluded.

Since KOR mRNA expression is upregulated by fear conditioning, we examined if KOR
MRNA expression would be downregulated by extinction training. Rats with good versus
poor extinction learning had significantly different levels of FPS during the retest (group

x time interaction: F1 6=6.87, A<0.05): good extinction learners had lower levels of FPS
during the retest than poor extinction learners (£<0.05) (Fig. 6A). Rats with good extinction
learning had 67% less KOR mRNA in the BLA than those with poor extinction learning
(%=2.88, /<0.05) (Fig. 6B).
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DISCUSSION

Systemic administration of KOR antagonists produces anxiolytic-like effects in models

of fear and anxiety (15). Here we identify the BLA as a site of increased KOR mRNA
expression following fear learning and decreased KOR mRNA expression following
effective fear extinction. We also identify the BLA and CeA as regions that mediate

the anxiolytic-like effects of KOR antagonists. These findings provide evidence that fear
conditioning and extinction dynamically regulate KOR expression in the BLA—a region
critically involved in fear learning—and that KOR signaling in the BLA and CeA plays an
important role in the expression of conditioned fear. Our observation that KOR antagonism
in the BLA decreases anxiety in the EPM is consistent with evidence that KOR signaling in
the BLA mediates the anxiogenic effects of corticotropin releasing factor (CRF) and stress
(19, 59).

We used gPCR to determine if fear conditioning induces plasticity in KOR or PDyn gene
expression in fear circuits. We examined gene expression 18 hr after training based on
evidence that PDyn and GAD65 mRNA expression are stably altered following stress (25)
or fear conditioning (47, 48), respectively; thus changes in gene expression could reflect
molecular correlates of fear acquisition or consolidation. Fear was not quantified in rats
used for the qPCR analyses to avoid detecting changes in gene expression induced by

the behavioral procedures themselves. However, we obtained indirect evidence that our
training parameters induced conditioned fear: separate rats that received the same light-
shock training showed significant FPS, and these training parameters produced molecular
correlates of memory consolidation (decreased GAD65 mRNA in the BLA (47, 48)) in rats
used for gPCR analyses. The observation that fear conditioning upregulates KOR mRNA
expression in the BLA is consistent with work establishing that this region is a critical

site of plasticity during fear learning (33, 43, 60, 61) and that KOR signaling in the BLA
contributes to the anxiogenic effects of stress (19, 59). Reductions in KOR mRNA in the
STR were unexpected, since this region is not usually considered an essential component of
fear circuitry. However, the STR is involved in forms of aversive learning in humans (62, 63)
and rodents (64—67). In addition, our dissections included portions of the amygdalostriatal
transition area, which shows high levels of plasticity during fear learning and may contribute
to fear-related behaviors (68, 69). These analyses suggest that upregulation of KOR mRNA
expression in the BLA and downregulation in the STR contribute to the development or
expression of conditioned fear.

Additional studies are needed to confirm that alterations in KOR mRNA levels are
accompanied by corresponding alterations in protein levels; this work is made difficult

by the current unavailability of highly selective KOR antibodies. The high affinity of
dynorphin for KORs (70) suggests that even small changes in KOR protein expression
could have physiologically-relevant effects. Moreover, our microinfusion studies and fear
extinction studies provide compelling evidence that KOR signaling in the BLA facilitates
conditioned fear and anxiety, and that effective fear extinction involves a downregulation of
KOR signaling in the BLA. Because both stress and associative learning can regulate gene
expression (42, 43, 71), our findings provide rationale for future work to examine how these
processes influence KOR expression.
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The absence of altered PDyn expression was unexpected considering prior reports that stress
increases PDyn expression in limbic brain regions (11, 25, 72), and that fear conditioning
produces neuroadaptations associated with stress (26). Our training parameters were selected
to induce moderate fear levels compatible with FPS (58) and may not have been optimal

for affecting PDyn expression; alternatively, PDyn mRNA regulation might have a different
time course or be highly localized to subregions within these nuclei (37). Future studies
assessing the spatiotemporal distribution of mMRNA and protein expression may provide
insight into how plasticity in KOR systems contributes to conditioned fear.

KOR antagonism in the BLA and CeA markedly reduced FPS, and KOR antagonism

in the BLA increased open arm exploration in the EPM. These anxiolytic-like effects

were site-specific: KOR antagonism in the STR was without effect in both paradigms

and KOR antagonism in the CeA was without effect in the EPM. The similarity between

the dose-effect functions for intra-BLA and -CeA JDTic in the FPS paradigm suggests

local drug effects that are not the result of diffusion to neighboring regions (73, 74).
However, it is likely that our drug microinfusions affected KORs within the intercalated

cell masses (ITCs), which lie interposed between the BLA and CeA and receive moderate
dynorphinergic innervation (27). While the ITCs are difficult to target selectively because of
their small size and diffuse distribution, they have a critical role in gating amygdala activity
(75-78). Nevertheless, the anxiolytic-like effects of intra-amygdala KOR antagonism are
consistent with prior evidence that systemic administration of KOR antagonists reduces
conditioned fear and anxiety (15, 16, 18). Importantly, intra-amygdala JDTic did not affect
baseline startle—a measure of sensory function—in the FPS paradigm or locomotor activity
in the EPM, providing evidence that KOR antagonism selectively affects fear and anxiety-
related behaviors. Because fear conditioning decreases KOR mRNA expression in the STR,
we might not have been able to detect further behavioral effects of KOR antagonism in the
STR in the FPS paradigm. However, the lack of effect of KOR antagonism in the STR in the
EPM suggests that KOR signaling in this region does not contribute to basal anxiety levels.

We also examined if the quality of fear extinction would relate to KOR mRNA levels

in the BLA. Prior studies have shown that extinction learning is associated with reversal

of neuroadaptations that accompany fear learning (48, 79, 80). The reduction in KOR
MRNA expression in the BLA of rats that were good (compared to poor) extinction
learners is consistent with these findings, and suggests that KOR levels in the BLA

regulate the magnitude of conditioned fear. Considering that KOR signaling is an important
mediator of both the rapid and cumulative effects of stress (81), our findings raise the
possibility that prior and ongoing stress may produce long-term changes in amygdala
function through alterations in KOR expression and signaling. Moreover, because KOR
MRNA expression differed between good and poor extinction learners, understanding the
molecular mechanisms that regulate KOR expression and signaling in the amygdala might
provide insight into novel treatments for clinical anxiety disorders that involve impaired fear
extinction, such as posttraumatic stress disorder (57).

In prior studies of systemic KOR antagonist effects on FPS, we were not able to distinguish
between KOR antagonist effects on distinct phases of fear learning and memory due to the
long-lasting effects of these drugs (15). Here, microinfusions of JDTic were administered
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three days after training—well after the acquisition and consolidation of fear memory
(82)—and 24 hr prior to testing, providing evidence that KOR antagonism disrupted the
expression of conditioned fear. These effects could be mediated by blockade of the acute
actions of dynorphin at KORs during testing; recent work has shown that other stressors
that induce anxiogenic-like responses in mice trigger dynorphin-mediated KOR activation
in the BLA (19). Considering that KOR antagonists have a slow onset and prolonged
duration of antagonism (52), KOR antagonism may have produced neuroadaptations that
reversed or counteracted the development or maintenance of conditioned fear. Consistent
with this hypothesis, PDyn knockout mice and wild-type mice treated with KOR antagonist
for 48 hr show decreased serum corticosterone levels and altered CRF and neuropeptide
Y expression in the amygdala and hypothalamus (18), suggesting that KOR antagonism
induces neuroadaptations that could indirectly affect conditioned fear. Alternatively, KOR
antagonism after the pre-test may have interfered with the reconsolidation of fear memory
(83, 84), a process that depends on intact intracellular signaling and protein synthesis (85,
86). Although KOR antagonism alters intracellular signaling (50, 87, 88), disrupting KOR
signaling does not produce associative learning deficits in other paradigms that involve
repeated training sessions and therefore multiple rounds of memory formation, retrieval, and
reconsolidation (4, 10, 40, 89). Thus KOR antagonism may reduce the aversive quality of
fear-associated cues through acute effects on KOR signaling or neuroadaptations. Similar
mechanisms may underlie the anxiolytic-like effects of systemic and intra-BLA KOR
antagonism in the EPM, which occur when KOR antagonists are administered 1-7 days
prior to testing (15, 19). Delineation of the mechanism(s) of KOR system effects on fear
and anxiety, and replication of these results with a structurally dissimilar KOR antagonist,
is a high priority for future research and will be facilitated by the development of KOR
antagonists with improved pharmacokinetics.

The effects of KOR signaling on neuronal activity in the amygdala are not well

understood, although there is some evidence that KOR activation inhibits excitatory synaptic
transmission in the BLA (90) and preferentially inhibits local interneurons in the CeA (91,
92). Future studies are needed to determine the mechanism(s) of KOR-mediated effects
within the amygdala, and to examine the role of KORs outside the amygdala in fear and
anxiety. For example, recent work suggests that KOR activation in the nucleus accumbens
produces anhedonia without affecting the magnitude of fear (26). Nevertheless, the present
studies provide evidence that fear conditioning and extinction dynamically regulate KOR
MRNA expression in the BLA, and that KOR antagonism in the amygdala can produce
anxiolytic-like effects. These findings suggest that treatments which decrease KOR function
in the amygdala may have utility as therapeutics for anxiety disorders.

Supplementary Material
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Figure 1. Control data for quantitative PCR analysis of gene expression
(A and B) Micrographs of coronal rat brain sections showing prodynorphin

immunoreactivity (methods in the Supplement) and the approximate location and size of
bilateral tissue punches (Imm3) taken from (A) the hippocampus (solid-line) and (B) the
central nucleus of the amygdala (CeA, solid-line), basolateral nucleus of the amygdala
(BLA, dashed-line), and striatum (STR, dotted-line). (C) Rats that received Light+Shock
training (n=12) showed increased fear-potentiated startle (FPS) compared to those that
received Light Alone training (n=6) (mean £ S.E.M.; Student’s ftest). (D) Levels of
glutamic acid decarboxylase 65 and 67 kDa (GAD65, GAD67) and prodynorphin (PDyn)
were higher in tissue punches taken from the CeA compared to the BLA (n=20; mean

+ S.E.M.; Mann-Whitney tests). *~<0.05 vs. Light Alone (C), **/<0.01 vs. BLA tissue
punches (D).
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Figure 2. Fear conditioning increases the relative quantity of kappa
MRNA in the basolateral nucleus of the amygdala (BLA)

opioid receptor (KOR)

(A) Fear conditioning increased KOR mRNA and decreased glutamic acid decarboxylase

65 kDa (GAD65) mRNA in the BLA, without affecting prodyno

rphin (PDyn) or glutamic

acid decarboxylase 67 kDa (GAD67) mRNA expression (n=10/group; mean = S.E.M.;
Mann-Whitney tests). Fear conditioning did not affect MRNA quantities in the central

nucleus of the amygdala (CeA) (B) or in the hippocampus (HIP)

(C), but decreased KOR

mMRNA in the striatum (STR), without affecting PDyn mRNA (D). */<0.05, **F<0.01 vs.

Light Alone control.
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Figure 3. Kappa opioid receptor (KOR) antagonism in the basolateral (BLA) and central (CeA)
nuclei of the amygdala affects the time course of fear-potentiated startle (FPS)

Microinfusions of the KOR antagonist JDTic or vehicle were administered 24 hr before
FPS testing. The effects of JDTic in the BLA (A), CeA (B), and striatum (STR) (C) on
FPS were most apparent within the first 20 min (blocks 1-2) of the 30-min test session
(n=5-12/group; mean x S.E.M.). FPS was significantly reduced at the 30-min time point
(block 3) in rats that received microinfusions of vehicle into the BLA (A) (Student’s ¢tests,
# denotes significant difference from block 2, £<0.05). Significant reductions in FPS were
not detected in vehicle treated rats in the CeA (B) and STR (C) groups, which may be

due to increased levels of fear in these groups. The magnitude of FPS in block 1 tended to
be higher in vehicle treated rats with cannulas in CeA (B) than in the BLA (A), and the
extinction profile for vehicle treated rats with cannulas in the STR (C) suggests an inverted
U-shaped function relating FPS to fear that is characteristic of high fear levels (58).
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Figure 4. Kappa opioid receptor (KOR) antagonism in the basolateral (BLA) and central (CeA)

nuclei of the amygdala decreases fear-potentiated startle (FPS)

Microinfusions of the KOR antagonist JDTic or vehicle were administered 24 hr prior to
FPS testing. JDTic in the BLA (A) or CeA (B) decreased FPS (mean + S.E.M.; Dunnett’s
tests), without affecting baseline startle (not shown). (C) JDTic in the striatum (STR) did
not affect FPS (Student’s #test). (D) Summary of cannula tip placements in the BLA
(black circles; n=10-12/group), CeA (gray triangles; n=5-8/group), or STR (gray squares;
n=6-7/group). *P<0.05 vs. vehicle. Images in D published in 7he Rat Brain in Stereotaxic

Coordinates, 3rd ed. (93) and reprinted with permission, Copyright Elsevier (1996).
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Figure 5. Kappa opioid receptor (KOR) antagonism in the basolateral (BLA) and central (CeA)
nuclei of the amygdala increases open arm exploration in the elevated plus maze (EPM)

Microinfusions of the KOR antagonist JDTic or vehicle were administered 24 hr prior to
EPM testing. (A) JDTic in the BLA increased the percentage of time rats spent in the open
arms and the number of open arm entries (mean + S.E.M.; Student’s ¢tests). JDTic in

the CeA (B) or striatum (STR) (C) did not affect the percentage of time rats spent in the
open arms or the number of open arm entries. None of the drug treatments affected closed
arm entries or maze crosses (not shown). (D) Summary of cannula tip placements in the
BLA (black circles; n=7-9/group), CeA (gray triangles; n=10/group), or STR (gray squares;
n=7-9/group). *P<0.05, **A<0.01 vs. vehicle. Images in D published in 7he Rat Brain

in Stereotaxic Coordinates, 3rd ed. (93) and reprinted with permission, Copyright Elsevier
(1996).
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Figure 6. Effective fear extinction decreases the relative quantity of kappa opioid receptor
(KOR) mRNA in the basolateral nucleus of the amygdala (BLA)

Rats were subjected to fear conditioning (10 light-shock pairings) and tested 24 hr later

for fear-potentiated startle (FPS). One day later, rats were given extinction training (60
presentations of the light alone) and the next day they were retested for FPS. Rats with

the lowest (“good” extinction; n=4) or highest (“poor” extinction; n=4) levels of FPS

were killed immediately after testing by decapitation and gene expression in the BLA was
analyzed using gPCR. (A) Rats that had good extinction learning had significantly less FPS
during the retest than rats with poor extinction learning (mean + S.E.M.). (B) Rats that had
good extinction learning had 67% less KOR mRNA in the BLA than those that had poor
extinction learning. */<0.05.
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