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Postreactivation Glucocorticoids Impair Recall of
Established Fear Memory

Wen-Hui Cai,?* Jacqueline Blundell,’* Jie Han,' Robert W. Greene,' and Craig M. Powell-3
'Psychiatry, The University of Texas Southwestern Medical Center, Dallas, Texas 75390-9070, 2Psychiatry, The Veterans Affairs Hospital, Dallas, Texas

75216, and *Neurology, The University of Texas Southwestern Medical Center, Dallas, Texas 75390-8813

Pavlovian fear conditioning provides one of the best rodent models of acquired anxiety disorders, including posttraumatic stress disor-
der. Injection of a variety of drugs after training in fear-conditioning paradigms can impair consolidation of fear memories. Indeed, early
clinical trials suggest that immediate administration of such drugs after a traumatic event may decrease the risk of developing posttrau-
matic stress disorder in humans (Pitman et al., 2002; Vaiva et al., 2003). The use of such a treatment is limited by the difficulty of treating
every patient at risk and by the difficulty in predicting which patients will experience chronic adverse consequences. Recent clinical trials
suggest that administration of glucocorticoids may have a beneficial effect on established posttraumatic stress disorder (Aerni et al.,
2004) and specific phobia (Soravia et al., 2006). Conversely, glucocorticoid administration after training is known to enhance memory
consolidation (McGaugh and Roozendaal, 2002; Roozendaal, 2002). From a clinical perspective, enhancement of a fear memory or a
reactivated fear memory would not be desirable. We report here that when glucocorticoids are administered immediately after reactiva-
tion of a contextual fear memory, subsequent recall is significantly diminished. Additional experiments support the interpretation that
glucocorticoids not only decrease fear memory retrieval but, in addition, augment consolidation of fear memory extinction rather than
decreasing reconsolidation. These findings provide a rodent model for a potential treatment of established acquired anxiety disorders in

humans, as suggested by others (Aerni et al., 2004; Schelling et al., 2004), based on a mechanism of enhanced extinction.
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Introduction

Newly formed fear memories undergo a process of consolidation
at the cellular level immediately after training (Nader et al.,
2000a; Abel and Lattal, 2001; Dudai, 2004). This consolidation
process is required for long-term maintenance of the memory
trace. Protein synthesis inhibitors and other pharmacologic
agents interfere with memory consolidation (Flexner et al., 1965;
Davis and Squire, 1984; Bourtchouladze et al., 1998; McGaugh,
2000). Growing evidence suggests that fear memories have a se-
lective sensitivity to pharmacologic interventions, including pro-
tein synthesis inhibition, after reactivation, in a manner that can
negatively affect subsequent memory retrieval (Schneider and
Sherman, 1968; Przybyslawski and Sara, 1997; Nader et al., 2000a;
Sara, 2000; Pedreira and Maldonado, 2003; Suzuki et al., 2004).
Of particular note, established memories may also be affected
during reactivation through extinction, another process amena-
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ble to pharmacologic manipulation (Bouton, 1993; Myers and
Davis, 2002).

Although the process of consolidation and processes occur-
ring after reactivation require overlapping molecular pathways, a
recent study suggests there are molecularly distinct processes in-
volved in each (Lee et al., 2004). Likewise, extinction consolida-
tion appears to be distinct in many respects compared with initial
fear memory consolidation (Bouton, 1993; Myers and Davis,
2002). Pharmacologic modulation of the reactivation process to
alter subsequent recall has not been fully characterized despite its
potential as a feasible therapeutic target. Glucocorticoid admin-
istration in humans has been shown recently to be a relevant
pharmacologic treatment of established disorders of emotional
memories such as posttraumatic stress disorder (PTSD) and pho-
bias (Aerni et al., 2004; Soravia et al., 2006). These effects of
glucocorticoids appear to involve both inhibition of memory re-
trieval and facilitation of extinction (Aerni et al., 2004; Soravia et
al., 2006). Here, we demonstrate that the endogenous stress hor-
mone, corticosterone (Cort), can reduce subsequent recall of an
established contextual fear memory in mice after a single-trial
reactivation, and that this effect is dependent on both reactiva-
tion of the memory and timing of corticosterone administration
relative to memory reactivation. In addition, corticosterone can
decrease single-trial fear memory retrieval without affecting un-
derlying memory stability, whereas repeated retrieval in the pres-
ence of glucocorticoids can augment extinction of the contextual
fear memory. These studies implicate multiple overlapping



(ai et al. @ Glucocorticoids and Subsequent Recall

48hr l 24hr
Trein Reactivate Probe ~ .
_ = Vetide 3 3
o ) 4 v oot3omolg 28 2t
B o Cort 10.0 mghkg E ] E 2
£ + Ao 150ghg & E £ E
® ® E 2 E
- - @ >
f\“’ & 4 & & @(AQ
& &L = Ay
® AV
Figure 1. Postretrieval corticosterone transiently impairs subsequent recall of contextual fear conditioning. a, Percentage of

time spent freezing in the training context before training in fear conditioning (Baseline), during subsequent reactivation 48 h
hence (48 h from Train), and 24 h after reactivation (72 h from Train). Reactivation was followed by injection of vehicle or
corticosterone at the indicated dose (one-way ANOVA for 72 h time point, p < 0.001, F 5 ,g) = 10.06; post hoc Tukey's test, p <
0.01 for Cort 3 mg/kg vs vehicle, p < 0.001, for Cort 10 mg/kg vs vehicle, p = 0.65, for Cort 3 mg/kg vs Aniso, p = 0.96, for Cort
10 mg/kg vs Aniso, p << 0.001, for Aniso vs vehicle, p = 0.90, for Cort 3 mg/kg vs Cort 10 mg/kg). b, Subsequent contextual
memory recall is blocked by higher doses of corticosterone, and this effect resembles that of anisomycin. A dose—response curve
for corticosterone administered immediately after memory reactivation is shown. Bars represent percentage of freezing 72 h after
training (24 h after memory reactivation) (one-way ANOVA, p << 0.0001, Fq ,5) = 10.86; post hoc Tukey's test, vehicle vs no
injection,p = 0.95, vs Cort 0.3 mg/kg, p = 0.11,vs Cort 1 mg/kg, p = 0.99, vs Cort 3mg/kg, p < 0.05, vs Cort T0mg/kg, p < 0.01,
vs Aniso, p << 0.001). No Injection was significantly different from Aniso, Cort 3 mg/kg, and Cort 10 mg/kg ( p << 0.001 forall) and
not different from Vehicle, Cort 0.3 mg/kg, or Cort 1 mg/kg ( p = 0.95,0.15, and 0.92, respectively). Cort 3 mg/kg differed from
vehicle, Cort 1 mg/kg, and No Injection ( p << 0.05, 0.05, and 0.071, respectively) but did not differ from Cort 0.3 mg/kg or Aniso
(p=10.39and 0.92, respectively). Similarly, Cort 10 mg/kg differed from vehicle, Cort T mg/kg, and No Injection ( p < 0.01,0.01,
and 0.0071, respectively) but did not differ from Cort 0.3 mg/kg or Aniso ( p = 0.11and 0.99, respectively). *p << 0.05 on post hoc
Tukey’s test versus vehicle and No Injection. ¢, Effect of corticosterone on subsequent memory recall is transient. Error bars
represent freezing 120 h (5 d) after training (72 h after memory reactivation). When tested 72 h after reactivation, the anisomycin
effect on subsequent recall remained, whereas that of corticosterone is no longer present (ANOVA main effect of drug, p < 0.01,
Fa.21y = 7.72; post hoc Tukey's test vehicle vs Aniso, *p << 0.01, vehicle vs Cort, p = 0.34; Aniso vs Cort, p = 0.058). Although b
and ¢ were necessarily performed in separate experiments in different groups on different days and thus normalized to separate
control groups, a Student’s t test comparison between Cort 3 mg/kg at 24 h from b and Cort 3 mg/kg at 72 hfrom crevealedap =
0.068, whereas a similar comparison of Aniso 150 mg/kg at 24 h from b and Aniso 150 mg/kg from crevealedap = 0.94.n =8
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by an observer blind to the genotype of the
mice. Time spent in the open and closed arms,
number of open and closed arm entries, time
spent in the middle, and number of explora-
tions of the open arm (defined as placing head
and two limbs into open arm without full en-
try) was calculated. The apparatus was wiped
with 70% ethanol and air-dried between mice.
Accelerating rotarod behavior was performed
as described previously (Powell et al., 2004).
Briefly, an accelerating rotarod designed for
mice (IITC Life Science, Woodland Hills, CA)
was used. The rotarod was activated after plac-
ing mice on the motionless rod. The rod accel-
erated from 0—45 revolutions per min in 60 s.
The time to fall off the rod or to turn one full
revolution was measured. Five trials were per-
formed 20-30 min apart in succession. Data
were analyzed with two-way ANOVA.

Footshock sensitivity was performed by plac-
ing mice in the contextual conditioning cham-
ber for a 2 min habituation period followed by a
2 s footshock every 30 s. The shock amplitude
started at 0.05 mA and was increased by 0.05
mA with successive stimuli. The stimulus am-
plitudes required to elicit behavioral responses
of flinching, jumping, and vocalizing were
recorded.

Drug preparation/administration. A cortico-
sterone (Sigma, St. Louis, MO) and anisomycin
(Aniso) stock solution was prepared for each
dose in normal saline with 5% ethanol. Stock
solutions of corticosterone and anisomycin
were kept at 4°C in light-tight boxes and were

in all groups. Error bars represent SEM in all figures.

mechanisms of action for glucocorticoids in the treatment of
acquired anxiety disorders.

Materials and Methods

Behavior. Fear conditioning was performed essentially as described pre-
viously (Powell et al., 2004). Briefly, 8-week-old male C57BL/6 mice
from Jackson Laboratories (Bar Harbor, ME) 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
footshock was delivered twice with a 1 min interstimulus interval. Mice
remained in the context for 2 min before returning to their home cage.
After different intervals, as described here, freezing behavior in the train-
ing context was monitored every 10 s for 5 min by an observer blind to the
experimental manipulation to measure contextual fear conditioning.
Student’s ¢ test was used for two-group comparisons, whereas one-way
ANOVA with post hoc Tukey’s tests were used in experiments with mul-
tiple groups. Significance was taken as p < 0.05. Extinction training
involved daily 5 min exposures to the training context.

Because glucocorticoids blocked expression of fear memory retrieval,
we examined the locomotor activity, anxiety state, and nociception ef-
fects of glucocorticoids to ensure that we were not simply affecting be-
havioral expression of the memory. Open-field locomotor activity was
performed for 10 min in a 48 X 48 X 48 cm white plastic arena placed on
the floor with fluorescent, ceiling-mounted lighting and analyzed using
automated video tracking software from Noldus (Ethovision 2.3.19; Nol-
dus Information Technology, Sterling, VA) to track velocity, distance
moved, and time spent in the “center” zone, defined as a 15 X 15 cm
square in the center of the arena. Elevated plus maze behavior was tested
by placing mice in the center of a black Plexiglas elevated plus maze with
white floors (each arm was 33 cm long and 5 cm wide with 25 cm high
walls on closed arms) in a dimly lit room for 5 min as described previ-
ously (Powell et al., 2004). Each session was videotaped for later analysis

made the day before the experiment or the

morning of the experiment. Mice were weighed

on the morning of the experiment and injected
intraperitoneally with volumes ranging from 0.3 to 0.5 ml. Doses used
were corticosterone 0.1, 1, 3, and 10 mg/kg based on pilot data. Three and
10 mg/kg corticosterone were used in follow-up experiments because of
their effects in our dose-response experiment (see Fig. 1). Anisomycin,
150 mg/kg, was chosen as a dose at the high range of anisomycin recon-
solidation effects in mice (Lattal and Abel, 2004).

Corticosterone measurement. Corticosterone measurements were per-
formed following those of de Quervain et al. (1998). C57BL/6 mice at 8
weeks of age were injected intraperitoneally with vehicle or corticoste-
rone (Sigma) at 0.3, 1.0, 3.0, or 10 mg/kg at time 0. Thirty minutes after
injection, the mice were killed, and the trunk blood was collected in
heparinized tubes and stored on ice. Plasma was isolated via centrifuga-
tion at 5000 rpm for 10 min and stored on ice until freezing at —20°C
before corticosterone measurement (1 = 8/group). Corticosterone mea-
surements were performed on plasma using Corticosterone Radioimmu-
noassay kit (B3-163; Endocrine Sciences, Tarzana, CA).

Results

We trained male C57BL/6 mice in a classical fear conditioning
paradigm in which a novel environment is paired with footshock.
Forty-eight hours later, re-exposure to the training environment
elicited significant fear responses indicating reactivation of a
learned association between this environment and the aversive
footshock stimulus (Fig. 1a, 48 h). Two to 5 min after this reac-
tivation, mice were injected with various doses of corticosterone
(0.3, 1.0, 3.0, and 10.0 mg/kg), anisomycin (150 mg/kg), or vehi-
cle and tested 24 h later for contextual fear memory. Mice in-
jected with 3.0 and 10.0 mg/kg corticosterone after memory re-
activation showed significantly decreased contextual fear
memory 24 h later ( p < 0.01 and 0.001, respectively) that was
indistinguishable in magnitude from the effect of anisomycin
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Figure 2.  Reactivation of the memory is necessary for the corticosterone effect on subse-
quent recall. Mean percentage time spent freezing in contextual memory test 24 h after injec-
tion of corticosterone or vehicle is shown (72 h from Train). ANOVA revealed no main effect of
drug (p = 0.33; F, 33y = 1.16). Because there was no main effect, post hoc Tukey's test
revealed no significant differences between vehicle versus Cort 3 mg/kg or Cort 10mg/kg ( p =
0.88 and 0.31, respectively) and no differences between Cort 3 mg/kg versus Cort 10 mg/kg
(p=0.57).n = 12inall groups.

s

(p = 0.65 and 0.96 for Cort 3 mg/kg and 10 mg/kg, respectively)
(Fig. 1a). Mice injected with vehicle and mice injected with lower
doses of corticosterone after memory reactivation exhibited no
significant change in subsequent fear memory ( p = 0.11 for Cort
0.3 mg/kg and p = 0.91 for Cort 1 mg/kg vs vehicle) (Fig. 1b).
Thus, corticosteroids impair subsequent recall of a reactivated
fear memory trace. The effect of glucocorticoid administration
after reactivation on subsequent recall may be attributable to
decreasing a reconsolidation process or augmentation of
extinction.

To distinguish between a reconsolidation effect and an extinc-
tion effect, we next examined the duration of the glucocorticoid
effect on subsequent recall to determine whether there was a
deficit in the underlying stability of the memory trace. We tested
the effects of glucocorticoid administration 72 h after the reacti-
vation and found no significant effect on subsequent memory
recall (p = 0.34) (Fig. 1c). However, the anisomycin effect on
subsequent memory recall persisted (p < 0.01) (Fig. 1c). This
finding suggests that glucocorticoids impair subsequent recall of
a memory trace only transiently when paired with reactivation,
and the duration of this effect differs from that of anisomycin.
The spontaneous recovery of subsequent memory recall and the
transient nature of the effect compared with anisomycin suggest
an effect on extinction.

If glucocorticoids selectively impair subsequent recall of only
reactivated memory traces, then administration of corticosterone
48 h after training in the absence of fear memory reactivation
should not affect subsequent memory. When mice were trained
in contextual fear conditioning and injected 48 h later with 3.0
mg/kg or 10.0 mg/kg corticosterone in the absence of fear mem-
ory reactivation, no effect was observed on subsequent memory
measured 24 h after injection ( p = 0.88 and 0.31, respectively)
(Fig. 2). Thus, the effect of glucocorticoids on subsequent fear
memory recall is dependent on reactivation of the memory trace
and is not simply a result of prolonged effects of glucocorticoids
alone.

Extinction of a fear memory can be reversed by exposure to a
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Figure 3. a, Reminder shock rescues post-reactivation glucocorticoid effect on subsequent

memory and spares that of anisomycin. ANOVA at the 72 h time point after reminder shock
reveals a main effect of drug (p << 0.00001; 53, = 19.52). Post hoc Tukey's test shows
significant differences between vehicle and Aniso and between Cort and Aniso ( p << 0.001 for
both). There was no significant difference between vehicle and Cort with reminder shock ( p =
0.91). ***p < 0.001 versus corresponding vehicle control. No significant differences were
observed in pretrain baseline or 48 h posttrain groups (n = 12in all groups). b, Comparison of
reminder shock (+RS) versus no-reminder shock (no RS) groups on the final day of testing for
each drug. ***p << 0.001 versus corresponding vehicle control. Two-way ANOVA: main effect of
drug, F, ¢5) = 37.25,p << 0.001; main effect of RS/no RS, F; 45 = 13.76, p << 0.001; interac-
tion, F, ¢6) = 542, p << 0.01. Post hoc Tukey's test indicated significant differences between
Cort/no RS, Aniso/RS, and Aniso/no RS versus all other groups and vice versa; p << 0.001 for all
post hoc differences. Nonsignificant p values were 0.36 for Cort/no RS versus Aniso/no RS, 0.47
for Aniso/RS versus Aniso/no RS, 0.99 for Aniso/RS versus Cort/no RS, 0.99 for Cort/RS versus
Vehicle/no RS, and 0.9 for Vehicle/RS versus Vehicle/no RS (n = 12 in all groups). No signifi-
cant differences were observed in pretrain baseline or 48 h posttrain groups.

“reminder shock” that is below the threshold for de novo fear
conditioning, whereas reconsolidation effects theoretically can-
not. To further distinguish between effects on extinction versus
reconsolidation, we repeated our initial experiments giving vehi-
cle, corticosterone, and anisomycin after reactivation. In half of
the animals, however, we interposed a subthreshold (0.3 mA X 1)
reminder shock 4 h after memory reactivation. The reminder
shock resulted in no significant contextual fear conditioning in
naive mice (data not shown). As expected for an effect on extinc-
tion, the effect of corticosterone was completely reversed by in-
terposing a reminder shock 4 h after reactivation (p = 0.91 vs
Vehicle) (Fig. 3). The anisomycin group was unaffected by the
reminder shock as expected for its effect on reconsolidation ( p =
0.47 for Aniso with reminder shock vs Aniso without reminder
shock). These data argue for an effect of corticosterone on extinc-
tion learning rather than reconsolidation.

Administration of corticosterone 30 min prior to contextual
fear memory reactivation impaired retrieval of the fear memory
during reactivation ( p < 0.01) (Fig. 4a). Measurement of corti-
costerone levels 30 min after intraperitoneal injection indicate
that a 3.0 mg/kg injection produced corticosterone levels well
within the range observed with physiologic stressors in mice
(supplemental Table 1, available at www.jneurosci.org as supple-
mental material) (Pawlak et al., 2003; Hebda-Bauer et al., 2004).

Administration of glucocorticoids prior to memory reactiva-
tion, which impairs acute retrieval (Fig. 4a), does not signifi-
cantly affect subsequent recall in the absence of glucocorticoids
(Fig. 4b). Mice were trained in the fear conditioning paradigm on
day 1 and administered 3.0 mg/kg or 10 mg/kg corticosterone 30
min before memory reactivation 48 h later, which led to a signif-
icantly impaired recall response ( p < 0.01) (Fig. 4a). On repeat
fear memory testing in the absence of drug 24 h after blocking
retrieval with corticosterone (72 h after training), context-
dependent fear conditioning was not statistically different from
controls ( p = 0.36 for 3 mg/kg and 0.33 for 10 mg/kg) (Fig. 4b),
although a trend toward a decrease was noted. Because Figure 4a
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Figure4. Corticosterone impairs acute retrieval of contextual fear memory without affect-
ing the stability of the underlying memory trace. a, Injection of corticosterone 30 min before
memory test impairs retrieval. Results of “Probe a” (contextual memory test performed 48 h
after training; percentage freezing in context 30 min after corticosterone injection) are shown.
ANOVA revealed a main effect of drug ( p << 0.01, F, 35, = 7.49). Post hoc Tukey's test revealed
significant differences between vehicle versus Cort 3 mg/kg ( p << 0.01) and versus Cort 10
mg/kg ( p < 0.01). No significant difference between Cort 3 mg/kg and Cort 10 mg/kg was
observed (p = 0.99). **p < 0.01; n = 12 in all groups. b, Impairment of memory retrieval
by corticosterone had no significant effect on subsequent memory. Results of “Probe b” (con-
textual memory test performed 72 h after training or 24 h after Probe a; percentage freezing in
context 24 h) are shown. ANOVA revealed no main effect of drug ( p = 0.28; F 55, = 1.33).
Because there was no main effect, post hoc Tukey's test revealed no significant differences
between vehicle versus Cort 3 mg/kg or Cort 10mg/kg ( p = 0.36and 0.33, respectively) and no
differences between Cort 3 mg/kg versus Cort 10mg/kg ( p = 0.99). When freezing in the Cort
groups at 48 hin a (retrieval block by Cort) was compared with that of Cort groups at 72 hin b
(memory after retrieval block by Cort), there was no significant difference between Cort groups
with retrieval blocked (a) and Cort groups after retrieval blockade (b) ( p = 0.26 and 0.23 for 3
mg/kg and 10 mg/kg, respectively).

indicated a block of retrieval and Figure 4b indicated no subse-
quent difference between controls and Cort groups, we conclude
that corticosterone blocks retrieval without affecting subsequent
memory expression. Although there was clearly a difference be-
tween retrieval in the presence of Cort (Fig. 4a) and no difference
in subsequent retrieval (Fig. 4b), there was not a significant dif-
ference in this experiment between freezing levels in the Cort
groups in Figure 4, a and b. Because of this discrepancy, we re-
peated this experiment with 10 mg/kg corticosterone and found
the same result of a significant block of retrieval and no signifi-
cant impairment in subsequent memory (Student’s ¢ test, p <
0.05 for retrieval and p = 0.63 for subsequent memory expres-
sion). In this additional experiment, there was a significant dif-
ference between 10 mg/kg Cort during retrieval (48 h after train-
ing) and the postretrieval memory expression (72 h after training;
p = 0.01; n = 6) (data not shown). Thus, under our particular
experimental conditions, blocking a single contextual memory
retrieval does not have a significant effect on subsequent expres-
sion of the memory. It seems that glucocorticoids must be ad-
ministered after successful reactivation of the fear memory to
impair subsequent recall after a single reactivation trial, although
a trend toward reduced subsequent memory was observed. It is
possible, however, that with a different experimental protocol,
one might find a significant one-trial effect of pre-reactivation
corticosterone on subsequent memory.

J. Neurosci., September 13, 2006 + 26(37):9560 —9566 * 9563

The effects of glucocorticoids on subsequent fear memory
recall and on acute retrieval are not caused by nonspecific alter-
ations in behavior but are rather a selective effect of glucocorti-
coids on these fear memory processes themselves. Acute admin-
istration of 3.0 mg/kg corticosterone, a dose that can impair fear
memory retrieval or subsequent memory, depending on the tim-
ing of application, does not alter open-field locomotor activity or
open field measures of anxiety such as time spent in the center
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). The same dose of corticosterone also has no
effect on anxiety measures in the elevated plus maze (supplemen-
tal Fig. 2, available at www.jneurosci.org as supplemental mate-
rial), gross motor coordination in the accelerating rotarod (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material), or footshock sensitivity (supplemental Fig. 4, available
at www.jneurosci.org as supplemental material). These negative
findings in mice are interesting in light of previous findings that
glucocorticoids increase anxiety/arousal in human subjects
(Abercrombie et al., 2005). It may be that our tests of anxiety in
rodents are not as sensitive as measures in human studies. These
control data further support a selective effect of glucocorticoids
on fear memory retrieval processes.

Although the effects of glucocorticoids given before a single
reactivation trial do not significantly affect subsequent memory
recall, we did observe a trend toward a decrease in subsequent
memory (Fig. 4b). Based on this result, we hypothesized that
reactivation of fear memory during glucocorticoid inhibition of
retrieval might enhance the extinction process after multiple re-
activations. Thus, we tested the effects of repeated corticosterone
block of retrieval on extinction. Three days of repeated cortico-
sterone administration before reactivation (context exposure)
trials led to decreased fear memory expression ( p < 0.05) (Fig.
5a). When the underlying memory trace was examined 1 d later
in the absence of corticosterone, inhibition of fear expression
remained enhanced ( p < 0.01) (Fig. 5a). Thus, glucocorticoids
may affect subsequent recall of an established memory if given
after a single reactivation and may also augment extinction if
given before multiple reactivation trials. In this case, the inhibi-
tion of fear expression could be a result of a direct effect of corti-
costerone to enhance consolidation of extinction or resulting
from blockade of fear memory retrieval during extinction. Re-
peated trials of post-reactivation corticosterone led to a similar
effect (p < 0.01) (Fig. 5b), indicating a likely effect on consoli-
dation of extinction memory, although a separate effect of de-
creasing retrieval on extinction cannot be excluded. Interestingly,
multiple trials of post-reactivation corticosterone prolonged the
extinction effect. Although single-trial post-reactivation cortico-
sterone effects showed spontaneous recovery of memory by
72 h (Fig. 1¢), multiple-trial post-reactivation corticosterone
effects lasted at least 72 h (p < 0.001) (Fig. 5b). Both pre-
retrieval and post-retrieval corticosterone effects with multi-
ple trials were dependent on reactivation of the memory and
were not simply an effect of repeated corticosterone adminis-
tration ( p = 0.97) (Fig. 5¢).

Discussion

These findings demonstrate that administration of the endoge-
nous stress hormone, corticosterone, after a single memory reac-
tivation can impair subsequent recall of an established contextual
fear memory. Previous studies have implicated glucocorticoids in
modulation of extinction of other types of fear memory (Bohus
and Lissak, 1968; Micheau et al., 1982; Barrett and Gonzalez-
Lima, 2004; Moreira et al., 2004; Yang et al., 2006), primarily



9564 - J. Neurosci., September 13, 2006 - 26(37):9560 —9566

using cue-elicited fear memory. The facil-
itation of contextual fear memory extinc-
tion may have particular relevance for ac-
quired anxiety disorders. Interestingly, the
effect of glucocorticoids on subsequent re-
call is the opposite of its effect on memory
consolidation. Such a post-reactivation ef-
fect of a drug may be interpreted as either
inhibition of reconsolidation or as aug-
mentation of extinction learning.

Post-reactivation corticosterone may
act by inhibiting reconsolidation of the re-
activated memory. Memory consolidation
and reactivation-induced memory “labil-
ity” appear to be dependent on some over-
lapping molecular mechanisms such as
NMDA receptor activation, B-adrenergic
receptor activation, and cAMP response
element-binding  protein  activation,
whereas some manipulations can affect
one process and not the other (Bourtchu-
ladze et al., 1994; Przybyslawski and Sara,
1997; Przybyslawski et al., 1999; Cabhill et
al., 2000; Sara, 2000; Kida et al., 2002; McGaugh, 2002; McGaugh
and Roozendaal, 2002; Debiec and Ledoux, 2004; Lee et al.,
2004). Certainly, the initial effect of corticosterone is similar in
magnitude to the effect of anisomycin, a drug which empirically
defines reconsolidation effects in rodents (Nader et al., 2000a,b;
Sara, 2000; Debiec et al., 2002). Also, the effect of corticosterone,
like that of anisomycin, is only present after reactivation of the
memory and not in the absence of reactivation. Indeed, blocking
retrieval of the memory seems to decrease the effect of corticoste-
rone on subsequent memory. However, the effect of single-trial
post-reactivation corticosterone is transient. In theory, a drug
that decreases the reconsolidation of a memory is predicted to
have a lasting effect. In many reports, the effect of anisomycin on
reconsolidation is sustained (Lattal and Abel, 2001; Debiec et al.,
2002), although other studies demonstrate spontaneous recovery
of memory after various post-retrieval manipulations, including
anisomycin (Miller and Springer, 1974; Mactutus et al., 1979;
Judge and Quartermain, 1982; Anokhin et al., 2002; Lattal and
Abel, 2004). Although some have suggested that preservation of
the underlying memory after postretrieval manipulations might
be incorporated into theories of reconsolidation (Lattal and Abel,
2004), corticosterone does not permanently impair recall
performance.

Another interpretation is that corticosterone is augmenting
consolidation of contextual fear memory extinction, an
effect observed in studies of other forms of memory (Bohus and
Lissak, 1968; Micheau et al., 1982; Barrett and Gonzalez-Lima,
2004; Moreira et al., 2004; Yang et al., 2006). One-trial extinction
of contextual fear conditioning would be exceptional and does
not occur under our control conditions (Fig. 1a, “vehicle”). It is
possible, however, that corticosterone is acting to augment con-
solidation of extinction memory such that one trial is sufficient to
induce weak extinction that is only transiently expressed. One
property of extinction is that the original memory can show
spontaneous recovery (Bouton, 1993; Myers and Davis, 2002),
similar to the transient effect of post-reactivation corticosterone.
The need for reactivation of memory for the effect is also consis-
tent with a need for reactivation of memory in the extinction
process. Finally, the extinction process can be overcome by a
subthreshold reminder shock, whereas a deficit in reconsolida-

Figure 5.
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Corticosterone augments multiple-trial extinction. a, Corticosterone blockade of retrieval augments extinction. This
effect is dependent on multiple reactivation trials (compare with Fig. 4b). Repeated injection of corticosterone 30 min before
extinction trials for 3 d impairs both retrieval acutely and subsequent memory recall tested 24 h after the last extinction trial in the
absence of corticosterone. ANOVA with repeated measures on days 1-3 indicates a main effect of drug (F; 15) = 6.29;p << 0.05).
Student’s ¢ test of day 4 indicates p < 0.01. Individual  tests for days 1, 2, and 3 indicate p = 0.14, p < 0.05, and p << 0.05,
respectively.n = 10in all groups. b, Multiple trials of post-reactivation corticosterone further augment extinction measured 24 h
after the third trial (Trial 4) and prolongs the extinction effect (Probe, measured 72 h after Trial 4). Although a single trial of
post-reactivation corticosterone has an effect on subsequent memory, multiple trials seem to enhance this effect (Trial 4). A
memory test 3 d hence reveals a longer-lasting effect of post-reactivation corticosterone after multiple reactivation trials (Probe)
compared with single-trial reactivation (Fig. 1). Repeated-measures ANOVA reveals main effects of drug (F; ,,, = 13.88;p <
0.01), day (F 3 g5) = 42.09,p < 0.001), and interaction between drug and day (F; 45 = 14.69;p < 0.001). Student's t test of days
1-4and 7 indicate p = 0.75, p < 0.01, p < 0.001, p << 0.001, and p << 0.001, respectively. ¢, The effect of corticosterone on
extinction with multiple trials requires memory reactivation. Multiple daily injections of corticosterone in the absence of memory
reactivation do not affect subsequent memory recall. Student’s t test of probe: p = 0.97;n = 12in all groups.

tion cannot. The post-reactivation glucocorticoid effect on con-
textual fear memory is reversed by reminder shock in our hands,
unlike that of anisomycin. Thus, augmentation of single-trial
contextual fear memory extinction is the more likely mechanism
for post-reactivation effects of corticosterone on subsequent
memory.

Augmentation of contextual fear extinction by glucocorti-
coids is consistent with several previous findings in the literature.
For example, corticosterone is known to increase consolidation
of other forms of memory (McGaugh and Roozendaal, 2002;
Roozendaal, 2002). Similarly, previous reports suggest that pre-
reactivation and post-reactivation glucocorticoids may play a
role in the treatment of PTSD and phobia (Aerni et al., 2004;
Soravia et al., 2006). Furthermore, extinction may be modulated
by glucocorticoids in other forms of memory (Bohus and Lissak,
1968; Micheau et al., 1982; Barrett and Gonzalez-Lima, 2004;
Moreira et al., 2004; Yang et al., 2006)

Similar to previous findings (de Quervain et al., 1998;
Roozendaal et al., 2004), we demonstrated that glucocorticoids
block fear memory retrieval in a contextual fear-conditioning
paradigm. We extended this finding by demonstrating that glu-
cocorticoids given before a single-trial retrieval do not signifi-
cantly affect the long-term stability of the underlying memory
trace, nor do they affect control behaviors that might interfere
with measures of memory retrieval. Furthermore, we confirmed
observations by de Quervain et al. (1998) indicating that in-
creased glucocorticoids in the absence of reactivation do not af-
fect subsequent recall when glucocorticoid levels had returned to
baseline (de Quervain et al., 1998). Thus, successful retrieval of
fear memory is necessary for glucocorticoid effects on subsequent
memory recall after a single-trial reactivation. Similar effects of
glucocorticoids on memory retrieval have been observed in hu-
mans (de Quervain et al., 2000). Additionally, we have signifi-
cantly extended previous findings that pre-reactivation or post-
reactivation glucocorticoids can decrease repeated-trial, cued
fear memories (Yang et al., 2006) by examining the time course,
spontaneous recovery, comparison to anisomycin, and sensitiv-
ity to reminder shock to distinguish extinction and retrieval from
reconsolidation effects on contextual fear memories.

The glucocorticoid effects are present whether the glucocorti-
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coid is administered before or after each extinction trial (Fig. 5).
Administration of glucocorticoids after a single reactivation trial
likely augments consolidation of extinction. Administration of
glucocorticoids 30 min before multiple reactivation trials can also
enhance extinction, either by augmenting extinction consolida-
tion or as a result of decreasing contextual fear memory retrieval.

It is tempting to speculate about the role of glucocorticoids in
susceptibility to and maintenance of learned anxiety disorders
such as posttraumatic stress disorder. Patients with PTSD have
been shown to have lower circulating levels of corticosterone and
altered hypothalamic-pituitary axis activity (Yehuda, 2002).
Blunted corticosterone responses might actually lead to persis-
tent, pathologically strong, traumatic memories in affected indi-
viduals. Repeated reactivation of memories in unaffected indi-
viduals, followed by normal corticosterone surges, may serve to
weaken their ability to recall traumatic memories over time. In
contrast, a blunted corticosterone response may result in blunted
extinction processes with pathologically persistent fear responses to
contextual cues. The longer-lasting effect of multiple-trial post-
reactivation corticosterone is consistent with this possibility.

The clinical implications of pharmacologic interventions that
decrease the strength of an established fear memory trace are
clear. Glucocorticoids have been used in clinical trials to decrease
symptoms of PTSD and phobia (Aerni et al., 2004; Soravia et al.,
2006). Our data confirm that not only is the particular pharma-
cologic agent of importance, but that the reactivation of relevant
memories, timing of administration relative to reactivation, and
number of reactivation trials can have an impact on the desired
outcome. The use of mice in the present study will allow directed
investigation of the underlying receptor subtypes and mecha-
nisms of the effect of glucocorticoid on established fear memo-
ries, affording the potential for more specific therapy in future
trials that might allow us to avoid some side effects of a general
treatment with glucocorticoids. In deference to ethical issues sur-
rounding therapies targeted to emotional memories, it will be
important in clinical trials to distinguish between suppression of
the pathologically intense emotional valence of a traumatic mem-
ory versus the elimination of the declarative memory of said
event.

In conclusion, glucocorticoids transiently decrease subse-
quent recall of an established fear memory after its reactivation,
likely through augmentation of extinction in a single trial. Glu-
cocorticoids have two effects on reactivated emotional memories.
When administered before a single reactivation, memory re-
trieval is inhibited, whereas the stability of the underlying mem-
ory is unaffected. When drug administration follows memory
reactivation, subsequent recall is dramatically reduced. Repeated
administration may obviate the need for such precise timing.
These studies provide a model for a therapeutic approach in the
treatment of pathological emotional memories (Aerni et al.,
2004; Schelling et al., 2004) and suggest future experiments de-
signed to explore the specific molecular mechanisms of this
effect.
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