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Abstract

Background—The pharmacology of traumatic memory extinction has not been fully
characterized despite its potential as a therapeutic target for established, acquired anxiety
disorders, including post-traumatic stress disorder (PTSD). Here we examine the role of
endogenous glucocorticoids in traumatic memory extinction.

Methods—Male C57BL/6J mice were injected with corticosterone (10 mg/kg, i.p.) or
metyrapone (50 mg/kg, s.c.) during re-activation of a contextual fear memory, and compared to
vehicle groups (V= 10-12 per group). To ensure that metyrapone was blocking corticosterone
synthesis, we measured corticosterone levels following re-activation of a fear memory in
metyrapone- and vehicle-treated animals.

Results—Corticosterone administration following extinction trials caused a long-lasting
inhibition of the original fear memory trace. In contrast, blockade of corticosteroid synthesis with
metyrapone prior to extinction trials enhanced retrieval and prevented extinction of context-
dependent fear responses in mice. Further behavioral analysis suggested that the metyrapone
enhancement of retrieval and prevention of extinction were not due to non-specific alterations in
locomotor or anxiety-like behavior. In addition, the inhibition of extinction by metyrapone was
rescued by exogenous administration of corticosterone following extinction trials. Finally, we
confirmed that the rise in corticosterone during re-activation of a contextual fear memory was
blocked by metyrapone.

Conclusions—We demonstrate that extinction of a classical contextual fear memory is
dependent on endogenous glucocorticoid synthesis during re-activation of a fear memory. Our
data suggest that decreased glucocorticoids during fear memory re-activation may contribute to
the inability to extinguish a fear memory, thus contributing to one of the core symptoms of PTSD.
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1. Introduction

The formation of a fear memory following a traumatic event is an important mechanism for
the subsequent development of anxiety disorders, such as post-traumatic stress disorder
(PTSD) or phobias (LeDoux, 2003; Mineka & Oehlberg, 2008; Phelps & LeDoux, 2005;
Pitman, 1989; Yehuda & LeDoux, 2007). For most people, intrusive fear memory retrieval
extinguishes or declines over time. Unfortunately, in people that develop a chronic anxiety
disorder (like PTSD) the fear memory does not extinguish and thus, can remain easily
recalled by a trauma-associated cue (de Quervain, Aerni, Schelling, & Roozendaal, 2009).
Indeed, the inability to extinguish fear responses is a common feature for most anxiety
disorders, and PTSD in particular (Blechert, Michael, Grossman, Lajtman, & Wilhelm,
2007; Michael, Blechert, Vriends, Margraf, & Wilhelm, 2007; Yang, Chao, & Lu, 2006).
Thus, it is necessary to identify factors that modulate the progressive extinction of fear
memories.

There is growing evidence from both human and rodent studies that glucocorticoids released
from the adrenal cortex play a key role in learning and memory. Glucocorticoids
(corticosterone in animals and cortisol in humans) can dose-dependently enhance the
consolidation of new fear memoires (Abercrombie, Kalin, Thurow, Rosenkranz, &
Davidson, 2003; McGaugh & Roozendaal, 2002; Okuda, Roozendaal, & McGaugh, 2004;
Roozendaal, 2002; Sandi & Rose, 1994). Similarly, pharmacological blockade of
corticosterone or cortisol synthesis with metyrapone impairs memory consolidation in both
animals and humans (Maheu, Joober, Beaulieu, & Lupien, 2004; Roozendaal, Bohus, &
McGaugh, 1996). Evidence from both animals and humans suggests that glucocorticoids can
act in the amygdala to modulate the memory consolidation of emotional arousing events
(Roozendaal, McEwen, & Chattarji, 2009). For instance, lesions of the basolateral amygdala
(BLA) in particular block the memory-modulating effects of posttraining systemic injections
of glucocorticoids (McGaugh, 2004; Roozendaal & McGaugh, 1996). Furthermore, infusion
of a glucocorticoid agonist into the BLA enhances memory consolidation while infusion of a
glucocorticoid antagonist into the BLA blocks memory consolidation (Conrad et al., 2004;
Donley, Schulkin, & Rosen, 2005). In addition to the amygdala, glucocorticoids infused into
the hippocampus (Roozendaal & McGaugh, 1997) or medial prefrontal cortex (mPFC)
(Barsegyan, Mackenzie, Kurose, McGaugh, & Roozendaal, 2010) also enhance
consolidation. Therefore, it appears that glucocorticoids can act within multiple different
brain regions to modulate fear memory consolidation (Barsegyan et al., 2010; Roozendaal &
McGaugh, 1997).

As in consolidation of fear memories, the neural circuitry of extinction learning involves the
amgydala, mPFC and hippocampus (Chhatwal, Myers, Ressler, & Davis, 2005; Markram,
Lopez Fernandez, Abrous, & Sandi, 2007; Milad, Rauch, Pitman, & Quirk, 2006; Sierra-
Mercado, Padilla-Coreano, & Quirk, 2010; Zimmerman, & Maren, 2010). Extinction of a
fear conditioned response is a type of learning that results from presentation of a conditioned
stimulus in the absence of the unconditioned stimulus (an electric shock in the rodent
model), leading to a reduced fear response to the conditioned stimulus. Recently,
glucocorticoids have been shown to facilitate the consolidation of extinction of fear learning
(Abrari, Rashidy-Pour, Semnanian, & Fathollahi, 2008; Cai, Blundell, Han, Greene, &
Powell, 2006; Yang et al., 2006). These effects are mediated in part through the amygdala
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since intraamygdalar infusion of glucocorticoid receptor (GR) agonist was shown to
facilitate extinction learning, whereas infusion of a GR antagonist blocked extinction
learning (Yang et al., 2006). In addition, multiple studies have shown that human patients
with PTSD, a disorder which requires persistent recollection of the traumatic memory as one
of the diagnostic criteria, showed decreased cortisol levels (Heim, Ehlert, Hanker, &
Hellhammer, 1998; Kellner et al., 2000; Mason, Giller, Kosten, Ostroff, & Podd, 1986;
Yehuda, 2002; Yehuda, 2009; Yehuda, McFarlane, & Shalev, 1998; Yehuda et al., 1990),
suggesting that low cortisol levels may contribute to a hyper- retrieval of fear memories or
an inability to extinguish the fear memory (de Quervain et al., 2009). Taken together, these
data from humans and animals support the hypothesis that an endogenous glucocorticoid
surge is necessary during fear memory re-activation for normal extinction, and predict that,
in the absence of this endogenous glucocorticoid surge, fear memories would persist (with
no extinction). In addition, these preclinical studies suggest that glucocorticoids may play a
critical role in the development and subsequent treatment of acquired anxiety disorders such
as PTSD.

To further understand the therapeutic utility of glucocorticoids, our experiments first aim to
determine whether the modulatory effect of glucocorticoids on extinction learning is long-
lasting. We next test the hypothesis that an endogenous glucocorticoid surge is necessary
during fear memory re-activation for normal extinction. We demonstrate that corticosterone
augments multiple- trial extinction in a long-lasting manner and that endogenous
corticosterone synthesis is required for normal extinction learning and might also act as a
constraint to the retrieval of contextual fear memory.

2. Materials and methods

A total of 156 male, 8-weeks-old C57BL/6 J mice from Jackson Laboratories (Bar Harbor,
ME) were used in these experiments. The mice were housed four/cage in a temperature-,
humidity-controlled, and IACUC-approved environment at UT Southwestern Medical
Center with a 12-h light/12-h dark cycle and free access to food and water. Mice were
moved within the animal facility to the testing room and allowed to habituate to the new
location for at least 1 h prior to behavioral testing.

2.1. Behavior

Fear conditioning was performed essentially as described previously (Blundell, Kouser, &
Powell, 2008; Cai et al., 2006). Briefly, mice were placed in a Plexiglas shock box with
clear front and rear walls (MedAssociates, Georgia, VT) for 2 min, and then a 30 s, 90 dB
tone coterminating in a 2 s, 0.5 mA foot-shock was delivered twice with a 1 min
interstimulus interval. Mice remained in the context for 2 min before being returned to their
home cage. After different intervals (varying across the seven experiments as described
below), freezing behavior in the training context was monitored every 10 s for 5 min by an
observer blind to the experimental manipulation to measure contextual fear conditioning.
Extinction training involved daily 5 min exposures to the training context, and re-activation
sessions were identical to extinction sessions. The apparatus was wiped with 70% ethanol
and air-dried between mice. Student’s #test was used for two-group comparisons, whereas
ANOVA and student’s #test or post hoc Fisher LSD test were used in experiments with
multiple groups over days. Significance was taken as p < 0.05.

2.2. Experiment 1

We trained 24 male C57BL/6J mice in a classical fear conditioning paradigm in which a
novel environment was paired with foot-shock. One day later, all mice were re-exposed to
the training environment for 5 min. Two to 5 min after re-activation, mice were injected
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with corticosterone (10.0 mg/kg, n = 12) or vehicle (7= 12). This procedure was repeated
for 3 days. Following the last injection (day 4), all mice were returned to their home cages
and left undisturbed for 1 week. Seven days later (day 11), all mice were re-exposed to the
training environment and fear memory was assessed. Four hours later, all mice were placed
back in the training environment and given a subthreshold reminder shock (0.2 mA x 1).
The reminder shock of 0.2 mA x with a 4 h delay was empirically determined and does not
result in significant contextual fear conditioning in naive mice and can robustly reverse an
established extinguished contextual fear memory (Blundell et al., 2008; Cai et al., 2006).
One day later, all mice were re-exposed to the training environment (day 12).

2.3. Experiment 2

We trained 20 male C57BL/6J mice in a classical fear conditioning paradigm in which a
novel environment was paired with foot-shock. One day later, mice were injected
subcutaneously with metyrapone (50 mg/kg, 7= 10) or vehicle (n=10) and 90 min later,
placed back in the training environment for 5 min (without the shock). One day later, all
mice were re-exposed to the training environment and fear memory was assessed.

2.4. Experiment 3

We examined the effect of metyrapone on locomotor activity and anxiety-like behaviors.
Twenty-four mice received a subcutaneous injection of metyrapone (50 mg/kg, 7=12) or
vehicle (7=12) 90 min prior to testing. Elevated plus maze, open field, dark/light and
locomotor behavior were performed over 4 days as described (Blundell et al., 2008).
Student’s #test was used for two-group comparisons while two-way ANOVA with repeated
measures was used to analyze locomotor activity.

2.5. Experiment 4

We trained 24 male C57BL/6 J mice in a classical fear conditioning paradigm in which a
novel environment was paired with foot-shock. One day later, mice were injected
subcutaneously with metyrapone (50 mg/kg, /7= 12) or vehicle (7= 12) and 90 min later, re-
exposed to the training environment for 5 min. This procedure was repeated for the
following 2 days. On the fourth day, mice were re-exposed to the training environment but
they did not receive an injection of metyrapone or vehicle. Three days later (day 7), all mice
were re-exposed to the training environment and fear memory was assessed. Four days later
(day 11), all mice were re-exposed to the training environment and then 4 h later, given a
reminder shock (0.2 mA x 1) in the training environment. The reminder shock of 0.2 mA x
1 with a 4 h delay was empirically determined and does not result in significant contextual
fear conditioning in naive mice and can robustly reverse an established extinguished
contextual fear memory (Blundell et al., 2008; Cai et al., 2006). One day later, all mice were
re-exposed to the training environment (day 12).

2.6. Experiment 5

We trained 24 male C57BL/6J mice in a classical fear conditioning paradigm in which a
novel environment was paired with foot-shock. One day later, mice were injected
subcutaneously with metyrapone (50 mg/kg, 7= 10) or vehicle (n= 10). Unlike experiment
4, mice were not re-exposed to the training environment. In this experiment, mice were
simply returned to their home cages. This procedure was repeated for the following 3 days.
On the fourth day, all mice were re-exposed to the training environment and fear memory
assessed.
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2.7. Experiment 6

We trained 24 male C57BL/6 J mice in a classical fear conditioning paradigm in which a
novel environment was paired with foot-shock. One day later, all mice were re-exposed to
the training environment for 5 min. Ninety minutes prior to re-exposure, all mice were
injected subcuetaneously with metyrapone (50 mg/kg). Two to 5 min after re-activation,
mice were injected with corticosterone (10.0 mg/kg, /7= 12) or vehicle (7= 12). This
procedure was repeated for the following 2 days. On the fourth day, mice were re-exposed to
the training environment but they did not receive an injection and fear memory was
assessed.

2.8. Experiment 7

Corticosterone measurements were performed in the manner described by (Lagace et al.,
2010). Sixteen C57BL/6J mice at 8 weeks of age were trained in fear conditioning as
described above and then re-exposed to the fear conditioning chamber 24 h later for 5 min.
Ninety minutes prior to re-exposure to the context, mice received vehicle or metyrapone.
Three or 30 min after reexposure to the context, trunk blood was collected, plasma was
isolated via centrifugation at 3000 rpm for 10 min, and samples were stored on ice until
freezing at —20 °C for subsequent corticosterone measurement (7= 4/group). Corticosterone
measurements were performed using the mouse OCTEIA Corticosterone Enzyme Immuno-
Assay (EIA) (AC-15F1, Immunodiagnostic Systems, Scottsdale, AZ). Appropriate dilutions
of serum samples were employed, all samples were assayed in triplicate, and samples had an
absorbance values inside the linear portion of standard curve. Student’s #test was used for
two-group comparisons.

2.9. Drug preparation/administration

The morning of the experiment, corticosterone and metyrapone stock solutions were
prepared for each dose in normal saline with 5% ethanol and kept at 4 °C in light-tight boxes
until use. Mice received i.p. (corticosterone and vehicle) or s.c. (metyrapone and vehicle)
injections of volumes ranging from 0.3 to 0.5 ml based on their daily weight. Both the dose
of corticosterone (10 mg/kg) and the dose of metyrapone (50 mg/kg) were based on previous
data (Barrett & Gonzalez-Lima, 2004; Cai et al., 2006). In addition, the dose of 50 mk/kg of
metyrapone suppressed increases in plasma concentrations of corticosterone in stressed rats,
but did not affect plasma corticosterone levels in non-stressed rats (Roozendaal et al., 1996).

3. Results

3.1. Corticosterone augments multiple-trial extinction in a lasting manner, and this
augmentation is rescued by a reminder shock (Exp. 1)

To test whether corticosterone’s facilitation of fear memory extinction was long-lasting,
mice were first trained in contextual fear conditioning. As expected, 24 h after training, re-
exposure to the training environment elicited significant fear responses (increased freezing
behavior) indicating an intact memory of the learned association (Fig. 1). Four days of
repeated corticosterone or vehicle administration following re-activation (context exposure)
trials led to significantly enhanced extinction as shown by decreased fear memory
expression (Fig. 1; mixed ANOVA: main effect of drug A1, 22) = 13.53, p< 0.0013, main
effect of trial A5110) = 24.00, p < 0.0001, trial x drug interaction, A5110) = 14.74, p<
0.0001). Student’s #test of days 1-4 (p=0.75, p=0.0054, p< 0.0001, p< 0.0001,
respectively) indicated that corticosterone- treated animals exhibited significantly less
freezing than vehicle-treated animals.

To test whether corticosterone’s facilitation of fear memory extinction was long-lasting, we
tested the memory trace 1 week later in the absence of corticosterone. Importantly,
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extinction of fear expression remained enhanced (Fig. 1: probe 7 days, student’s #test, p <
0.0001) in corticosterone-treated mice. To ensure that corticosterone was facilitating
extinction and not blocking reconsolidation, a subthreshold reminder shock was presented 4
h after memory re-activation (given 4 h after re-activation on probe day 7). The reminder
shock resulted in no significant contextual fear conditioning in naive mice as demonstrated
previously (Blundell et al., 2008). As expected for an effect on extinction, the effect of
corticosterone was completely reversed by interposing a reminder shock 4 h after re-
activation (student’s £test, p= 0.56). Thus, repeated re-exposure of a contextual fear
memory in the presence of corticosterone facilitates extinction. These data suggest that
endogenous corticosterone release during fear memory re-activation may be a natural
mechanism to reduce emotional strength of traumatic memories.

3.2. Metyrapone paired with a single extinction trial enhances memory retrieval (Exp. 2)

We previously demonstrated that corticosterone given prior to memory re-activation reduces
memory recall (Cai et al., 2006). Thus, we asked whether endogenous corticosterone release
augments memory retrieval. To block the corticosterone release in this experiment we
injected the mice with the corticosterone or cortisol synthesis inhibitor, metyrapone prior to
re-activation. A single injection of metyrapone enhanced immediate fear memory retrieval
compared to vehicle-treated controls (Fig. 2, Mixed ANOVA, main effect of group A1, 18)
=7.29, p=0.015; main effect of day A2, 36) = 99.83, p< 0.000001, group x day interaction
A2, 36) = 3.59, p=0.038), post hoc comparisons (Fisher LSD) of days 0 (training) and 1
(Veh. vs. Met., p=0.79, p< 0.0000001, respectively). However, one injection of
metyrapone was not sufficient to sustain this enhancement in memory retrieval 24 h later
(post hoc comparisons, Fisher LSD; probe day 2, p=0.133; Fig. 2).

3.3. Administration of metyrapone does not change anxiety-like behavior or locomotor
activity (Exp. 3)

The effects of corticosterone or metyrapone on traumatic memory recall and extinction are
not caused by non-specific alterations in behavior but are rather a selective effect of
corticosterone (as shown in (Cai et al., 2006)) or meytrapone (Fig. 3) on fear memory
processes. Acute administration of 50 mg/kg metyrapone did not result in altered anxiety-
like behavior, as measured in three different behavioral tasks. In the elevated plus maze, the
ratio of time spent in the open arms to time spent in both arms was similar for mice that
received vehicle and metyrapone (Fig. 3A, student’s #test, {22) = 0.54, p= 0.60]. In the
open field task, there was no difference between groups in the ratio of time spent in the
center of the field to time spent in the periphery of the field (Fig. 3B, student’s #test, £22) =
-1.22, p=0.23), and in the dark/light box, mice that received vehicle and metyrapone both
spent comparable amounts of time in the light side of the chamber [Fig. 3C, student’s #test,
#(22) = 0.31, p=0.76). Mice were then placed in a novel home cage, and their locomotor
activity was measured across a 2 h period. Metyrapone administration did not affect
locomotor activity during the session, and all mice regardless of drug treatment showed a
decrease in locomotor activity across the 2 h session, suggesting that they all exhibited
locomotor habituation (Fig. 3D, 2-way repeated measures ANOVA; Main effect of
Treatment: A1, 22) = 0.12, p= 0.74; main effect of time: A23,506) = 62.19, p< 0.000001;
treatment x time interaction: A23,506) = 1.03, p= 0.43). Therefore, systemic administration
of metyrapone did not have a generalized effect on anxiety-like behavior or locomotor
activity. These control data further support a selective effect of metyrapone on fear memory
retrieval and extinction.
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3.4. Metyrapone inhibits multiple-trial extinction in a lasting manner and is dependent on
re-activation of the fear memory (Exps. 4 and 5)

Although the effects of metyrapone given prior to a single reactivation trial did not
significantly affect subsequent memory recall, we did observe a trend toward an increase in
subsequent memory recall (Fig. 2, probe). Based on this result, we hypothesized that re-
activation of fear memory during glucocorticoid block might prevent the extinction process
after multiple re-activations. Thus, we tested the effects of repeated (three) pairings of
metyrapone and re-activation on subsequent recall. Although single-trial pre-re-activation
metyrapone effects were not long-lasting (Fig. 2), multiple-trial pre-re-activation
metyrapone effects lasted at least 1 week (Mixed ANOVA, main effect of group A1, 22) =
35.38, p=0.000006; main effect of day A6, 32) = 10.13, p< 0.000001, group x day
interaction A6132) = 3.08, p=0.0074; Fig. 4A). Student’s #test of days 1-3 (p=0.0011, p
=0.00048, p=0.00011, respectively) indicating enhanced memory in the metyrapone-
treated animals. It is important to note that during the probe tests (on days 4, 7, and 11, and
12); memory was assessed in the absence of metyrapone. Student’s ttest of days 4, 7 and 11
(p<0.000001, p<.00070, p<0.000001) indicate sustained enhanced fear memory, even in
the absence of metyrapone. To ensure that the vehicle group had extinguished, a
subthreshold reminder shock (as described above) was employed 4 h following re-activation
on day 11. As expected, reminder shock reversed the effects of repeatedly exposing mice to
the context in the absence of the shock (student’s #test, Veh.: day 11 vs. day 12, p<
0.000001). Reminder shock had no effect on the metyrapone-treated animals (student’s #
test, Met.: day 11 vs. day 12, p= 0.26). However, metyrapone- and vehicle-treated animals
did differ significantly on day 12 (day 12: Met. vs. Veh., p< 0.025). In addition, pre-
retrieval metyrapone effects with multiple trials were dependent on re-activation of the
memory and were not simply an effect of repeated metyrapone administration (1-way
ANOVA, no main effect of group, A1, 22) = 0.053, p= 0.82; Fig. 4B). It should be noted
that freezing levels of the vehicle-treated mice in Fig. 4A differ from freezing levels in
vehicle-treated mice in Fig. 1. The difference between these two control group freezing
levels is likely a direct result of the difference in experimental manipulation prior to the
experiment. For the data described in Fig. 1 and Fig. 4, there are two major differences
between the two groups of vehicle-treated mice: (1) the time point when they received their
injection in comparison to re-activation and (2) the route of injection (i.p. or s.c.). For Fig. 1,
controls were injected i.p. 2-5 min after re-activation, in order to match the corticosterone
group. In Fig. 4, controls received subcutaneous injections 90 min before re-activation.
While we strive to minimize the stress of injections for the mice, it is still very likely that the
general experience and stress of injections and injection-related handling has an effect on
behavior.

3.5. Reversal of metyrapone’s effect on fear memory extinction with corticosterone (Exp.

6)

To ensure that metyrapone’s effect on fear memory extinction was acting via blockade of
endogenous corticosterone synthesis, we tested whether corticosterone administration could
rescue metyrapone’s block of fear memory extinction. As expected, metyrapone- treated
animals (Met. + Veh. and Met. + Cort. groups) elicited significant fear responses (as
measured by freezing behavior) indicating re-activation of a learned association between this
environment and the aversive foot-shock stimulus (Fig. 5). As shown in Fig. 5, metyrapone-
treated animals given corticosterone following re-activation of a fear memory show
significantly less fear memory compared to metryapone-treated mice given vehicle (Mixed
ANOVA, main effect of group A1, 22) = 26.30, p= 0.00004; main effect of day A3, 66) =
9.47, p=0.000028; group x day interaction A3, 66) = 3.83, p=0.014), post hoc
comparisons for days 1-3 (Fisher LSD, p=0.63, p=0.0044, p < 0.000001, respectively).
Importantly, when the underlying memory trace was examined 1 day later in the absence of
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corticosterone or metyrapone, inhibition of fear expression remained enhanced in the
corticosterone-treated group (post hoc comparisons, Fisher LSD, day 4: Met.—Veh. vs. Met.—
Cort., p=0.0025). Furthermore, extinction was exhibited in the corticosterone-treated group
(main effect of day A3, 33) = 21.96, p< 0.000001) but not seen in vehicle-treated animals
(no main effect of day A3, 33) = 1.096, p= 0.365).

3.6. Metyrapone blocks the rise in endogenous corticosterone during re-activation (Exp. 7)

To ensure that meytrapone was blocking the endogenous corticosterone rise during re-
activation of the fear memory, we measured corticosterone levels in metyrapone- or vehicle-
treated mice after re-activation of a contextual fear memory. At 3 min after re-exposure to
the training environment, corticosterone levels were significantly reduced in the metyrapone
treated mice compared to vehicles controls (M 69.9 = 20.0 vs. VV216.8 £ 27.2, student’s &
test, {6) = 4.4, p< 0.005) This effect was also observed at 30 min after re-exposure to the
training environment (A768.5 + 6.7 vs. 1V206.6 £ 20.9, student’s £test, {6) = 6.3, p<
0.001). Endogenous corticosterone levels were reduced after re-activation of a fear memory
in the presence of metyrapone suggesting that metyrapone’s effect on retrieval and
extinction acts through corticosterone. It is important to note that baseline corticosterone
levels were not affected by metyrapone.

4. Discussion

The inability to extinguish intense fear memories is an important clinical problem in
psychiatric disorders such as PTSD (Fyer, 1998; Morgan, Grillon, Southwick, Davis, &
Charney, 1995; Yang et al., 2006). Indeed, patients with anxiety disorders have deficits in
extinction learning (Blechert et al., 2007; Michael et al., 2007). Thus, the goal of our
experiments was to identify factors that modulate the progressive extinction of fear
memories. Current and previous data (Abrari et al., 2008; Cai et al., 2006; Yang et al., 2006)
highlight the key role of glucocorticoids in the extinction of fear memory. Unlike previous
experiments, however, here we showed that repeated corticosterone administration during
re-activation of a contextual fear memory facilitated extinction for at least 1 week (Fig. 1).
In this experiment, repeated corticosterone injection immediately following re-activation of
the contextual fear memory resulted in enhanced extinction. Importantly, when the
underlying memory trace was examined 1 week later in the absence of corticosterone,
extinction of fear expression remained enhanced. Persistent inhibition of the fear memory in
the absence of the drug is critical if glucocorticoid treatment is to be used as an effective
treatment for PTSD, or other anxiety disorders. To ensure that corticosterone was facilitating
extinction and not blocking reconsolidation, a subthreshold reminder shock was presented 4
h after memory re-activation. Consistent with previous data (Cai et al., 2006), the effect of
corticosterone was completely reversed by the reminder shock. Thus, repeated re-exposure
of a contextual fear memory in the presence of corticosterone facilitates extinction. In
contrast to our findings, recent data suggest that glucocorticoids may also act by inhibiting
reconsolidation (Schwabe and Wolf, 2010; Wang, Zhao, Ghitza, Li, & Lu, 2008). While our
data strongly suggest that glucocorticoids facilitate extinction, perhaps in specific situations,
glucocorticoids may also inhibit reconsolidation. Overall, these data suggest that
endogenous corticosterone release during re-activation is a natural mechanism to reduce
emotional strength of traumatic memories.

Our working hypothesis was that stress hormone release during fear memory recall is
necessary for the extinction of fear memories, and without it, fear memories persist.
Consistent with this hypothesis, blockade of the stress hormones during re-activation of the
fear memory prevents extinction. While others have shown that blocking corticosterone
attenuates fear memory extinction in the short-term (Barrett & Gonzalez-Lima, 2004; Yang
et al., 2006), we show that these effects are long-lasting. Indeed, repeated injections of
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metyrapone prior to re-activation of the contextual fear memory prevented extinction of the
fear memory. Importantly, when the underlying memory trace was examined 1 week later in
the absence of metyrapone, fear expression remained enhanced (Fig. 4A). In addition, the
effects of metyrapone on extinction required re-activation of the fear memory. Injection of
metyrapone alone, without re-activation of the fear memory, did not alter subsequent
memory (Fig. 4B). Furthermore, the inhibition of extinction by metyrapone was rescued by
exogenous administration of corticosterone immediately following extinction trials (Fig. 5),
confirming that metyrapone’s effect on extinction is mediated by inhibition of corticosterone
synthesis. This is consistent with the fact that corticosterone levels during re-activation of a
contextual fear memory were blocked by metyrapone.

Unlike previous studies (Barrett & Gonzalez-Lima, 2004; Yang et al., 2006) we show that a
single injection of metyrapone prior to re-activation enhances retrieval of a fear memory
without affecting the underlying memory trace (Fig. 2). This is not surprising as
corticosterone reduces retrieval of a conditioned fear memory (Cai et al., 2006). Multiple
pairings of metyrapone with re-activation of the fear memory however, are sufficient to
produce a long-lasting block of extinction, either by preventing the consolidation of
extinction or as a result of increasing contextual fear memory retrieval. Given that we now
show effects lasting at least 1 week following the last metyrapone injection, metyrapone is
likely acting by preventing corticosterone’s enhancing effect on consolidation of extinction.
However, we cannot completely rule out that metyrapone’s lasting effect on reducing
extinction is somehow mediated via its augmentation of retrieval, though this would be a
novel finding. Also, our data suggest that metyrapone’s effect on extinction can be blocked
by administration of corticosterone following the re-activation. Unlike the previous studies
that examined extinction of a cued fear memory (Barrett & Gonzalez- Lima, 2004; Yang et
al., 2006), we examined contextual fear conditioning and thus demonstrate that blocking
glucocortoicoid synthesis appears to have a generalized effect on inhibition of extinction.
Furthermore, we now provide evidence of systemic efficacy at a dose that does not appear to
cause noticeable effects on anxiety-like behavior or locomotor activity (Fig. 3A-D).

While our data suggest that glucocorticoids play a critical role in extinction of contextual
fear memory, the locus of action and receptor sub-type are not known. Extinction memory
appears to be distributed across the amygdala (de Kloet, Joels, & Holshoer, 2005; McEwen,
Weiss, & Schwartz, 1968), hippocampus (Andreasen & Lambert, 1991), and mPFC (Milad
et al., 2006; Quirk, Garcia, & Gonzalez-Lima, 2006). Glucocorticoids are known to play a
key role in the consolidation of fear memory in these brain areas. Indeed, extensive evidence
indicates that the enhancing effects of glucocorticoids on consolidation of a fear memory
involve the amygdala (Donley et al., 2005; McGaugh, 2004; Roozendaal & McGaugh, 1996;
Roozendaal and McGaugh, 1997). Glucocorticoids infused into the hippocampus also
enhance memory of inhibitory avoidance training (Roozendaal & McGaugh, 1997).
Importantly, lesions of the amygdala (in particular, the BLA) block the glucocorticoid
memory enhancing effects when administered in the hippocampus (Roozendaal &
McGaugh, 1997). Glucocorticoids infused in the mPFC also enhance fear memory
consolidation (Roozendaal & McGaugh, 1997). It appears that glucocorticoid activation
within the mPFC may enhance fear memory consolidation by a stimulatory influence on
BLA activity (de Quervain et al., 2009). In order to further delineate the contribution of the
mPFA, BLA, or hippocampus in mediating glucocorticoids effects on extinction as observed
in this experiment, future experiments are reproducing this work and specifically targeting
these regions with an infusion of a glucocortoicoid receptor agonist or antagonist. These
future experiments would also test the hypothesis that metyrapone may affect extinction by
reducing the binding of glucocorticoids to low affinity glucocortoicoid receptors (McEwen,
De Kloet, & Rostene, 1986).
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Our data suggest that repeated re-activation of fear memories followed by normal
corticosterone surges may serve to extinguish the ability to recall traumatic memories over
time. Clinically, this finding suggests that PTSD patients may have abnormal recall of
traumatic memories due to abnormalities in glucocorticoids. Indeed, patients with PTSD
have lower circulating levels of corticosterone and altered hypothalamic-pituitary axis
activity (Heim et al., 1998; Kellner et al., 2000; Mason et al., 1986; Yehuda, 2002; Yehuda,
2009; Yehuda et al., 1990; Yehuda et al., 1998). Blunted corticosterone responses might
actually lead to persistent, pathologically strong traumatic memories in affected individuals
due to an inhibition of the normal biological mechanisms promoting extinction of those
memories (de Quervain et al., 2009). Repeated re-activation of memories in unaffected
individuals, followed by normal corticosterone surges, may serve to extinguish their ability
to recall traumatic memories over time. In contrast, a blunted corticosterone response may
result in dampened extinction processes with pathologically persistent fear responses to
contextual cues. If this is true, then our data (see Fig. 5) suggest that PTSD patients who
exhibit blunted cortisol may benefit from supplemental cortisol treatment during re-
activation of their traumatic event(s). Indeed, glucocorticoid administration in humans has
been shown to be a relevant pharmacologic treatment of established disorders of emotional
memories such as PTSD or phobia (Aerni et al., 2004; Schelling et al., 2006; Soravia et al.,
2006).

In conclusion, the endogenous glucocorticoid surge during reactivation of fear memories
contributes to their natural extinction over time. In the absence of the surge, fear memories
persist. This may have important implications for the role of the HPA axis in PTSD.
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Fig. 1.

Corticosterone augments multiple trial extinction in a lasting manner, and this effect is
rescued by reminder shock. Repeated injection of corticosterone 2— 5 min after extinction
trials for 4 days led to significantly enhanced extinction as shown by decreased fear memory
expression [Mixed ANOVA: main effect of drug A1, 22) = 13.53, p< 0.0013, main effect
of trial A5110) = 24.00, p< 0.0001, trial x - drug interaction, A5110) = 14.74, p< 0.0001].
Student’s #test of days 1-4 (p=0.75, p=0.0054, p< 0.0001, p< 0.0001, respectively)
indicate enhanced extinction in the corticosterone-treated mice. When the underlying
memory trace was examined 1 week later in the absence of corticosterone, extinction of fear
expression remained enhanced (probe 11 days, student’s #test, p< 0.0001). As expected for
an effect on extinction, the effect of corticosterone was completely reversed by interposing a
reminder shock 4 h after reactivation (student’s #test, p = 0.56). No significant differences
were observed during training or following reactivation of the fear memory (Trial 1) across
groups (p> 0.05). V=12 in all groups. Error bars represent SEM in all figures.
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Metyrapone paired with a single extinction trial enhances memory retrieval. Mice injected
with metyrapone 90 min prior to reactivation show enhanced fear memory retrieval,
compared to controls [mixed ANOVA, main effect of group A1, 18) =7.29, p=0.015;
main effect of day A2, 36) = 99.83, p< 0.000001, group x - day interaction A2, 36) = 3.59,
p=0.038], post hoc comparisons (Fisher LSD) of days 0 (training) and 1 (Veh. vs Met.., p=
0.79, p<0.0000001, respectively). However, one injection of metyrapone was not sufficient
to sustain this enhancement in memory retrieval 24 h later (post hoc comparisons, Fisher
LSD; probe day 2, p=0.133). /=10 for all groups.
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Fig. 3.

Administration of metyrapone does not affect anxiety-like behavior or locomotor activity.
Acute administration of 50 mg/kg metyrapone did not result in altered anxiety-like behavior,
as measured in three different behavioral tasks. (A) In the elevated plus maze, the ratio of
time spent in the open arms to time spent in both arms was similar for mice that received
vehicle and metyrapone [student’s #test, {22) = 0.54, p=0.60]. Legend applies to panels
A-C. (B) In the open field task, there was no difference between groups in the ratio of time
spent in the center of the field to time spent in the periphery of the field [student’s #test,
1(22) =-1.22, p=0.23]. (C) In the dark/light box, mice that received vehicle and
metyrapone both spent comparable amounts of time in the light side of the chamber
[student’s #test, {22) = 0.31, p=0.76]. (D) In a novel home cage, metyrapone
administration did not affect locomotor activity and all mice showed a decrease in locomotor
activity across the 2 h session [2-way repeated measures ANOVA; main effect of treatment:
A1, 22) = 0.12, p=0.74; main effect of time: A23,506) = 62.19, p < 0.000001; treatment x
time interaction: A23,506) = 1.03, p=0.43]. M= 12 for all groups.
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Metyrapone inhibits multiple trial extinction in a lasting manner and is dependent on
reactivation of the fear memory. (A) Repeated injection of meytrapone 90 min prior to
extinction trials for 3 days led to significantly enhanced fear memory lasting at least 1 week
[mixed ANOVA, main effect of group A1, 22) = 35.38, p= 0.000006; main effect of day
A6, 32) =10.13, p< 0.000001, group x day interaction A6132) = 3.08, p=0.0074].
Student’s #test of days 1-3 (p=0.0011, p=0.00048, p=0.00011, respectively) indicate
enhanced memory in the metyrapone-treated animals. Student’s #test of days 4, 7 and 11 (p
< 0.000001, p<.00070, p< 0.000001) indicate sustained enhanced fear memory, even in
the absence of metyrapone. Reminder shock reversed the effects of repeatedly exposing
mice to the context in the absence of the shock (student’s #test, Veh.: day 11 vs. day 12, p<
0.000001). Reminder shock had no effect on the metyrapone-treated animals (student’s #
test, Met.: day 11 vs. day 12, p= 0.26). Metyrapone- and vehicle-treated animals did differ
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significantly on day 12 (day 12: Met. vs. Veh., p< 0.025). No significant differences were
observed during training across groups (p > 0.05). (B) Pre-retrieval metyrapone effects with
multiple trials were dependent on reactivation of the memory and were not simply an effect
of repeated metyrapone administration (1-way ANOVA, no main effect of group, A1, 22) =
0.053, p=0.82). No significant differences were observed during training across groups (p >
0.05). A= 12 for all groups.
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Fig. 5.

Reversal of metyrapone’s effect on fear memory extinction with corticosterone.
Metyrapone-treated animals given corticosterone following reactivation of a fear memory
show significantly less fear memory compared to metryapone-treated mice given vehicle
[mixed ANOVA, main effect of group A1, 22) = 26.30, p= 0.00004; main effect of day
A3, 66) = 9.47, p=0.000028; group x day interaction A3, 66) = 3.83, p=0.014), post hoc
comparisons for days 1-3 [Fisher LSD, p=0.63, p=0.0044, p < 0.000001, respectively].
When the underlying memory trace was examined 1 day later in the absence of
corticosterone or metyrapone, inhibition of fear expression remained enhanced in the
corticosterone-treated group (post hoc comparisons, Fisher LSD, day 4: Met.—Veh. vs. Met.—
Cort., p=0.0025). Furthermore, extinction was exhibited in the corticosterone-treated group
(main effect of day A3, 33) = 21.96, p< 0.000001) but not seen in vehicle-treated animals
(no main effect of day A3, 33) = 1.096, p= 0.365). No significant differences were
observed during training across groups (p> 0.05). A= 12 for all groups.
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