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Long-Lasting Increase of Corticosterone After Fear Memory
Reactivation: Anxiolytic Effects and Network Activity
Modulation in the Ventral Hippocampus

Anne Albrecht'*, Giirsel Call§kan2'4, Melly S Oitzl®, Uwe Heinemann? and Oliver Stork'

'Institute of Biology, Otto-von-Guericke-University Magdeburg, Magdeburg, Germany; 2Institute for Neurophysiology, Charite-Universitdtsmedizin
Berlin, Berlin, Germany; “SILS-Center for Neuroscience, University of Amsterdam, Amsterdam, The Netherlands

Pathological fear and anxiety can be studied, in rodents, with fear conditioning and exposure to reminder cues. These paradigms are
thought to critically involve the ventral hippocampus, which also serves as key site of glucocorticoid action in the brain. Here, we
demonstrate a long-lasting reduction of kainate-induced gamma oscillations in slice preparations of the ventral hippocampal area CA3,
30 days after a single fear conditioning training. Reduction of gamma power was sensitive to corticosterone application and associated
with a decrease in glucocorticoid and mineralocorticoid receptor mRNA expression across strata of the ventral hippocampal CA3. A fear
reactivation session 24 h after the initial conditioning normalized receptor expression levels and attenuated the corticosterone-mediated
recovery of gamma oscillations. It moreover increased both baseline and stimulus-induced corticosterone plasma levels and evoked a
generalization of fear memory to the background context. Reduced ventral hippocampal gamma oscillation in both fear reactivated
and non-reactivated mice were associated with a decrease of anxiety-like behavior in an elevated plus maze. Taking advantage of the
circadian fluctuation in corticosterone, we demonstrated the association of high endogenous basal corticosterone plasma concentrations
during moming hours with reduced anxiety-like behavior in fear reactivated mice. The anxiolytic effect of the hormone was verified with
local applications to the ventral hippocampus. Our data suggest that corticosterone acting on ventral hippocampal network activity has

anxiolytic-like effects following fear exposure, highlighting its potential therapeutic value for anxiety disorders.
Neuropsychopharmacology (2013) 38, 386—394; doi:10.1038/npp.2012.192; published online 12 September 2012

Keywords: corticosterone; anxiety; fear memory; gamma oscillations; ventral hippocampus

INTRODUCTION

Altered baseline concentrations of cortisol in blood plasma
and dysregulation of the hypothalamus-pituitary-adrenal
(HPA) axis response to stress are important features of
anxiety disorders (Strohle and Holsboer, 2003). Recent
studies indicate a protective role of elevated cortisol toward
anxiety levels, and cortisol or cortisol agonists have been
proposed for treatment of anxiety symptoms (Soravia et al,
2006; de Quervain, 2008). However, the relation between
cortisol or its equivalent in rodents, corticosterone, and the
formation of fear- and anxiety-related symptoms is complex
and their neurobiological mechanisms are not well under-
stood (Schwabe et al, 2012).
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Classical fear conditioning provides a tool for studying
the neurobiology of anxiety disorders such as post-
traumatic stress disorder (PTSD) or phobias in rodents
(Siegmund and Wotjak, 2006; Stein and Matsunaga, 2006).
In this paradigm, a previously neutral stimulus like a tone
(conditioned stimulus, CS) is presented together with an
aversive stimulus, such as foot shock (unconditioned
stimulus, US). The conditioned subject forms an associative
memory and will respond to subsequent presentation of the
CS or training context with fear in anticipation of the US.
During such re-exposure, fear memory is not only retrieved,
but the once consolidated memory trace becomes labile and
susceptible to modulation, a process called reconsolidation
(Alberini, 2011; Rodriguez-Ortiz and Bermudez-Rattoni,
2007). This process may be utilized to destabilize fear memory
in PTSD and phobia patients by updating the reactivated
memories with non-fearful information (Schiller et al,
2010). On the other hand, presentation of reminder cues
has been used to produce PTSD-like behavioral changes in
rodents (Olson et al, 2011).

The ventral hippocampus, through its close interconnec-
tion with amygdala and entorhinal cortex (Pitkdnen et al,
2000) and its intimate interaction with the HPA stress axis
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(Jacobson and Sapolsky, 1991; Maggio and Segal, 2009),
may act as critical mediator of these processes (Bannerman
et al, 2004; Trivedi and Coover, 2004). In this study, we
addressed the role of the ventral hippocampus in fear
reactivation-induced emotional changes, addressing long-
lasting physiological and molecular changes and their
relation to circulating corticosterone levels.

MATERIALS AND METHODS

Male C57B/6BomTac (M&B Taconic, Germany) were obtained
at an age of 6-7 weeks and maintained in groups of 4-6 on a
reversed day-night cycle (lights on at 1900 hours) with food
and water ad libitum. Animals were habituated to the
environment for 2 weeks before a 6-week test schedule
commenced that was varied through five different experi-
ments (see also Supplementary Information, Figure S1).
Pretraining anxiety levels were assessed with a light-dark
avoidance test (exploration of a brightly lit and the equally
sized dark compartment in a single 5-min session). Auditory
cued fear conditioning was done as described previously
(Laxmi et al, 2003) and 24h after training mice were
re-exposed to a set of four conditioned fear stimuli in their
training context for fear memory reactivation. Long-term
effects were tested 4 weeks later by assessing anxiety-like
behavior on an elevated plus maze to avoid effects of
retesting in the light-dark avoidance test (5 min at low light
conditions (10lux); Rehberg et al, 2010). Corticosterone
plasma concentrations were determined as described pre-
viously (Dalm et al, 2008) via a commercially available 125I-
corticosterone radio immunoassay Kkit. Reactivated fear
memory was tested by exposure to four conditioned fear
stimuli in their training context. In experiments 1, 2, 3, and
5, all tests were performed between 1300 and 1600 hours.

In experiment 1, the effects of fear memory reactivation
on corticosterone plasma levels, anxiety, and fear memory
were assessed by comparing the ‘reactivation group’ (R; N=7)
receiving the full protocol to a ‘no reactivation group’ (NR,
N=38), receiving fear conditioning training only and a
‘control group’ (CTL, N = 8), receiving only tone stimuli but
no foot shocks during training.

V]
(=2

100 4 * Kok 501
— *kk
£ 80- 40
=
2 "
= 60 = 30
e =]
5 B
£ a0 . E 20
e | — <
£
o 204 10 4
o

0 0
baseline stimulated

Figure |

% open arm entries

Anxiolytic CORT effects via ventral hippocampus
A Albrecht et al

e

In experiment 2, kainate-induced gamma oscillation was
assessed in ventral hippocampal slices in mice 30 days after
fear memory reactivation (R; N=7) as well is in animals of
the NR (N=8) and CTL (N =6) groups as described before
(Liotta et al, 2011).

In experiment 3, mRNA expression of glucocorticoid
(GR) and mineralocorticoid receptors (MR) were assessed
in sublayers of the ventral hippocampal CA3 region, in
groups R (N=6), NR (N=6), and CTL (N=6).

In experiment 4, only reactivation training was used, but
training and test sessions were either at time point 1 (T1)
from 0800 to 0930 hours, 1h after lights off when cortico-
sterone is typically high (in an inverse light-dark cycle;
Dalm et al, 2005) or at time point 6 (T6) from 1300 to 1500
hours, when corticosterone can be expected to be low. Eight
groups were designed (N =8 in each), in which these times
were systematically permuted during training, reactivation,
and retrieval, allowing for variation of corticosterone through
circadian fluctuations. Elevated plus maze test, blood samples
collection, and fear memory testing were done at daytimes
corresponding to the individual retrieval test.

In experiment 5, again only mice with reactivation of fear
memory were used to assess effects of corticosterone admi-
nistered to the ventral hippocampus on fear memory and
anxiety. In the third week after memory reactivation, guide
canulae were implanted in the left and right ventral
hippocampi (AP: —3.08 mm; ML: +2.9mm from Bregma;
DV: 2.5mm from brain surface; Paxinos and Franklin,
2001), through which either corticosterone (10 ng; N=9) or
vehicle (N=9) was applied in the fourth week after fear
conditioning. At 15min after drug infusion, anxiety-like
behavior was assessed in an elevated plus maze followed by
fear memory retrieval 10 min later.

RESULTS

Experiment 1: Behavior and Corticosterone are Changed
by Fear Conditioning and Fear Reactivation

Corticosterone. Reactivation of conditioned fear led to
enhanced baseline corticosterone plasma concentration
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Fear reactivation elicits long-lasting changes in corticosterone plasma concentration, anxiety, and context fear memory. (a) Corticosterone

plasma concentration (CORT) is increased after fear reactivation (R), even under unstimulated conditions. After fear memory testing, the increased
corticosterone levels of group R are maintained at a high level. (b) Anxiety-like behavior in the elevated plus maze is reduced in group R, but also after fear
conditioning alone (NR), compared with an unconditioned control group (CTL). The number of total entries to closed and open arms is not altered
between groups, suggesting comparable levels of activity in all groups. (c) Fear reactivation increases freezing to the training context. Values are indicated as
mean + SEM. Significant difference between genotypes with *p <0.05; *#*p <0.01; ***p <0.001.

Neuropsychopharmacology

387



Anxiolytic CORT effects via ventral hippocampus
A Albrecht et al

388

(Figure 1la, see also Supplementary Figure S2; ANOVA for
group: F(2,20) =4.443, p=0.025; Fisher’s LSD post hoc
comparison: p=0.007 to CTL), whereas fear conditioning
training alone was not sufficient (p=0.119 to CTL). At
30 min after fear memory retrieval, corticosterone plasma
concentration were further increased (F(2,20)=15.924;
p<0.001), again only in group R (p<0.001 to CTL, p<0.001
to NR).

Anxiety-like behavior. Pretraining anxiety levels in the
light-dark avoidance test were comparable between groups
(activity in the light compartment: F(2,20) = 0.517; p = 0.604).
However, increased open arm entries in the elevated plus
maze were observed in both groups, NR (Figure 1b; ANOVA
for group: F(2,20)=4.86, p=0.019; Fisher’s LSD post hoc
comparison: p =0.03 to control) and R (p =0.008) 4 weeks
post-training. Indicators of general activity and closed
arm entries did not differ between groups (total entries:
F(2,20) =1.279, p = 0.295; distance: F(2,20) = 2.028, p = 0.158;
time active: F(2,20)=0.078, p=0.925; time immobile:
F(2,20)=0.93, p=0.411; closed arm entries: F(2,20)=
0.266, p=0.769).

Fear memory. Fear reactivation training increased the
freezing response to the training context, (Figure 1c; ANOVA
for group: F(2,20)=9.197, p=0.001) compared with the
CTL group (p<0.001) and also with group NR (p =0.019).
In contrast, no effect was observed concerning the freezing

response to the neutral (CS—: F(2,20) =3.395, p =0.054;
Supplementary Figure S3) and the conditioned acoustic
stimuli (CS+: F(2,20)=1.017, p=10.379).

In summary, fear conditioning led to anxiolytic-like
changes in an elevated plus maze, regardless of its reactiva-
tion, but only in the reactivated group enhanced cortico-
sterone and background context memory were observed.

Experiment 2: Fear Reactivation Attenuates the
Corticosterone Sensitivity of Fear Conditioning-Induced
Changes in Gamma Oscillations

Normalized gamma power (20-80Hz) recorded from the
border of stratum lacunosum moleculare and stratum radia-
tum was significantly decreased (Figures 2a and b; ANOVA
for group: F(2,40) =4.42; p=0.019, Fisher’s LSD post hoc)
in both group NR (N = 14 slices, seven animals; 0.25 + 0.07,
p=0.010) and group R (N =15 slices, seven animals; 0.33 +
0.07, p=0.017) compared with controls (N =12 slices, six
animals; 1.0 + 0.35). In parallel recordings from slices of the
same animals, preapplication of 1um corticosterone for
30 min (N=10-12 slices per group) attenuated this change
and somewhat increased gamma power in both NR (paired
comparison: 0.25 £ 0.07 vs 0.77 £ 0.31, p = 0.061), but less in
R (paired comparison: 0.33 +0.07 vs 0.50 £ 0.14, p =0.31)
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Figure 2 Fear conditioning and its reactivation reduce kainate-induced gamma oscillations in ventral hippocampal slices ex vivo. (a) Example traces of
gamma oscillations from stratum radiatum (SR)/stratum lacunosum moleculare (SLM) (i) without corticosterone (no CORT) and (ii) with corticosterone
application (I pM; CORT) in unconditioned controls (CTL), non-reactivated (NR), and fear reactivated (R) animals. (b) Summary graph showing the
normalized gamma power (20-80 Hz) recorded from the border of SR and SLM reveals that both fear conditioning and reactivation reduce gamma power.
(c) Summary graphs show the development of gamma oscillation power. Note the reduced gamma power in slices from groups NR and R compared with
unconditioned controls. Preapplication of corticosterone has pronounced effect on gamma power in NR slices, but not in CTL or R slices. (d) Examples of
power spectra from slices (i) without and (i) with application of | pum corticosterone (CORT). Values are indicated as mean £ SEM. Significant difference

between groups with *p <0.05; **p <0.01; ***p <0.001.
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and not in CTL (paired comparison: 1.0+ 0.35 vs 0.81 +
0.21, p=0.95).

In a third subset of slices from the same animals (N=5-7
slices per group), continuous 80-min recordings were per-
formed to determine the development of kainate-induced
gamma oscillations (Figure 2c). The increase in gamma
power was significantly lower already after 10 min of kainate
wash-in (ANOVA for group: F(2,20)=4.83; p=0.022,
Fisher’s LSD post hoc) in both NR (0.00013 % 0.00005 mV?,
p=0.011) and R (0.00019 + 0.00010 mV?, p=0.020) com-
pared with CTL (0.00071 £ 0.00027 mV?). After 80 min, the
gamma power was still significantly diminished in NR and
R (ANOVA for group: F(2,20)=3.71; p=0.046, Fisher’s
LSD post hoc). Slices of group NR preapplied with 1pm
corticosterone showed a faster development of gamma
oscillations compared with slices without corticosterone
(paired comparison: after 20 min, 0.00018 +0.00003 vs
0.00053 £ 0.00007, p = 0.0001; after 80 min, 0.0008 + 0.00017 vs
0.0030 + 0.00073, p =0.005). In slices from group R animals
and in CTL slices, corticosterone had no significant effect
on gamma development (Figure 2c). Auto-correlation analysis
confirmed the reduction of gamma oscillations after fear
conditioning and its reactivation, but only nonsignificant
recovery was observed in group NR after application of
corticosterone. No change of gamma peak frequency was
observed (Supplementary Figure S4).

Experiment 3: Conditioned, but Not Reactivated Fear
Leads to Reduced GR and MR Expression

Assessment of mRNA levels with quantitative PCR revealed
a reduction of GR and MR expression across the strata of
ventral hippocampal CA3, but only if conditioned fear was
not reactivated. A three-way ANOVA for gene (GR/MR),
stratum (SR/SP/SO), and group (R/NR/CTL) revealed strong
impact of each factor on expression levels (Figure 3; gene:
(F(2,89) =22.347, p=0.000; stratum: F(2,89)=102.948,
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p=0.000; group: F(2,89)=5.344, p=0.006). Moreover,
expression differences between GR and MR were evident
that were dependent on the different strata (interaction
of stratum and gene: F(2,89) =39.345; p=0.000; stratum
effect for GR: F(2, 45) = 93.408; p = 0.000; for MR: F(2,45) =
13.208; p =0.000). Post hoc comparison of the group effects
revealed a significant downregulation of GR and MR in
group NR (Fisher’s LSD p =0.005 compared with CTL), but
not in group R (p=0.649 compared with CTL; p=10.018
compared with NR).

Experiment 4: Endogenous Corticosterone Levels
in the Fear Reactivation Group Negatively Correlate
with the Anxiety-Like Behavior

Hormonal rhythmicity. A circadian fluctuation of corticos-
terone plasma concentrations was maintained after fear
reactivation, as we found high levels 1 h after the beginning
of the dark phase (T1) and lower concentration 5h later
(T6), both under unstimulated conditions (Supplementary
Figure S5A; ANOVA for time of testing: F(1,47) = 38.536;
p<0.001) and after fear memory retrieval (ANOVA:
F(1,47) =18.186; p<0.001). Enhanced baseline levels oc-
cluded the stress-induced response at T1 (repeated-measure
ANOVA with corticosterone concentration before and after
stimulation F(1,24)=3.961; p=0.058) whereas significant
increase on testing was detected at T6 (F(1,23)=90.796;
p<0.001). No interaction was observed of testing time with
training time (CORT base: F(1,45) = 2.280, p =0.138; CORT
stim: F(1,45) =0.181, p =0.673).

Daytime effects on anxiety. At T1, animals displayed more
entries into the open arm of the elevated plus maze than at
T6 (Supplementary Figure S5B; ANOVA for time of testing:
F(1,47) =6.339; p=0.015) without differences in general
activity (number of total arm entries: F(1,47) = 1.74; p = 0.194;
distance: F(1,47) =1.226; p =0.274; time active: F(1,47) =
0.242; p=10.625). This pattern was inverse to anxiety-like
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Figure 3 Expression of GR and MR mRNA is reduced in the ventral hippocampal CA3 after fear conditioning. Expression normalized to the internal
control gene GAPDH (dCT values) revealed differential expression of GR and MR in stratum radiatum (SR), stratum pyramidale (SP), and stratum oriens
(SO) of the ventral CA3 for all groups. The overall expression of both genes was reduced in group NR, but not in group R. Values are mean dCT + SEM. For
quantification of behaviorally induced expression changes refer to the table below graph (relative quantification with CTL expression levels set to |00%).
Significant difference between groups with *p < 0.05; significant difference between CA3 sublayers with *p <0.05; ##p<0.01; #**#p<0.001.
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behavior in the pretraining light-dark avoidance test, where
activity (ANOVA for time of testing: F(1,47) =10.504; p=
0.002) and time spent in the light compartment (F(1,47) =
10.032; p=0.003) were increased at T6 (Supplementary
Figure S5C).

Daytime effects on fear memory. A high contextual response
was observed in all groups, which was neither generally
affected by the time of training (F(1,47) = 1.649; p =0.205),
nor by the time of reactivation (F(1,47)=0.524; p =0.473)
or retrieval (F(1,47) =3.836; p =0.056).

High vs low post-reactivation corticosterone. Anxiety
levels were low when corticosterone concentrations were
high, at T1, and the percentage of open arm entries was
correlated with basal corticosterone concentrations and
over all time points (Pearson’s correlation coefficient 0.267,
p=0.032). As frequency analysis revealed strong inter-
individual differences and overlapping distribution of
unstimulated corticosterone plasma concentrations at T1
and T6 (Figure 4a), we reanalyzed our data with respect to
basal corticosterone levels. Groups were defined in relation
to the median corticosterone concentration (57.81 ng/ml).
High and low post-reactivation corticosterone groups
differed almost fourfold in unstimulated corticosterone
plasma concentrations (mean* SEM: 25.08 +2.6 ng/ml in
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v Low post-
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E gl CORT
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low vs 94.34 £ 6.42 ng/ml in high post-reactivation corticos-
terone; ANOVA: F(1,47) =96.912, p<0.001). The difference
was maintained, although less pronounced after memory
retrieval (85.79 + 6.05 ng/ml in low vs 100.55 * 3.89 ng/ml in
high post-reactivation corticosterone; ANOVA: F(1,47) =
4.278, p<0.044). Within-group comparison showed that the
corticosterone response to retrieval was diminished in
animals with high basal corticosterone (Figure 4b; repeated-
measure ANOVA: F(1,24)=0.870, p=0.360), whereas
animals with low basal corticosterone increased levels
significantly on retrieval (F(1,23)=156.523; p<0.001).

Relation to anxiety. The high post-reactivation corticos-
terone group showed increased open arm entries in the
elevated plus maze (Figure 4c; mean + SEM: 27.672.93% vs
17.4£3.79%; ANOVA for group effect: F(1,47)=4.65;
p=0.036), thus indicating decreased anxiety levels.

Effect on fear memory. ANOVA revealed an interaction
of post-reactivation corticosterone group and reactivation
daytime on contextual freezing (Figure 4d; F(1,45)=4.264;
p=0.045). Paired comparison demonstrates decreased
freezing in the low post-reactivation corticosterone group
when fear memory had been reactivated 1h after lights off
at T1 (ANOVA for effect of retrieval time in low responders:
F(1,22) = 5.986; p =0.023), but not 5h later at T6 (F(1,23) =
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Figure 4 High levels of post-reactivation corticosterone correspond with low anxiety but contextual generalization. (a) Histogram showing the
distribution of individual basal corticosterone plasma concentration at | (T1) and 6h (T6) after lights off. Based on the median (57.81 ng/ml), mice were
assigned to a low and a high post-reactivation corticosterone group. (b) The high post-reactivation corticosterone group shows near maximal plasma
concentrations of corticosterone (CORT) under unstimulated conditions and fails to significantly increase on fear memory retrieval. (c) The high post-
reactivation corticosterone group shows reduced anxiety-like behavior in the elevated plus maze. (d) The low post-reactivation corticosterone group
expresses reduced freezing toward the background context if fear reactivation is done at T1, indicating a state-specific memory effect. Values are indicated as
mean £ SEM. Significant difference between groups with *p <0.05; **p <0.01; ***p <0.001.

Neuropsychopharmacology



0.068; p=0.796). In contrast, in the high post-reactivation
corticosterone group contextual freezing was high at T1 as
well as at T6 (paired comparison: ANOVA for corticoster-
one group effect at T1: F(1,22) =8.876, p=0.007; ANOVA
for effects of reactivation time in high post-reactivation
corticosterone group: F(1,23) =0.288; p = 0.597).

Experiment 5: Infusion of Corticosterone to the Ventral
Hippocampus Reduces Anxiety-Like Behavior in Fear
Reactivated Mice

Corticosterone injections into the ventral hippocampus
increased the exploration of open arms in the elevated plus
maze compared with vehicle injected controls (Student’s
t-test: T(16) =3.153; p=0.006), without affecting the total
number of arm entries as a measure of general activity
(T(16) =0.487; p=0.633; Figure 5a). In contrast, the local
corticosterone application had no effect on the freezing
behavior displayed in the background context (T(16)=
0.025; p=0.980, Figure 5b), or in response to a CS—
(T(16) =1.693; p=0.111) or to the CS+ (T(16)=1.210;
p=0.244).

DISCUSSION

In this study, we show that the reactivation of fear memory
with a reminder cue in mice is associated with long-lasting
changes in endogenous corticosterone levels and corticos-
terone sensitivity of ventral hippocampal gamma oscilla-
tions. High morning levels of endogenous corticosterone
and corticosterone application to the ventral hippocampus
reduced anxiety-like behavior in fear reactivated mice.
These data are in line with a potential therapeutic value of
corticosteroids in anxiety disorder patients (Schelling et al,
2004; Soravia et al, 2006; de Quervain, 2008) and implicate
the ventral hippocampus in these processes.

Remarkably, we observed an increase in exploration of
the aversive open arms of an elevated plus maze in both fear
conditioned and fear reactivated mice. Similar anxiolysis has
previously been shown after chronic mild stress (D’Aquila
et al, 1994) and after highly aversive context conditioning
(Radulovic et al, 1998; Laxmi et al, 2003). The ventral
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Figure 5 Local administration of corticosterone to the ventral
hippocampus decreases anxiety-like behavior in fear reactivated mice. (a)
Corticosterone (10ng) was injected into the ventral hippocampus of fear
reactivated mice on T6, that is, with low endogenous levels, leading to a
reduced anxiety-like behavior in the elevated plus maze compared with
vehicle-injected controls. (b) Local corticosterone application has no
influence on background context generalization. Values are indicated as
mean £ SEM. Significant difference between groups with **p <0.01.
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hippocampus is critically involved in mediating anxiety-
related behavior in the plus maze task, with lesions of the
structure having an anxiolytic-like effect (Kjelstrup et al,
2002; Bannerman et al, 2004). In addition, the ventral
hippocampus supports also acquisition and expression of
auditory and contextually conditioned fear (Bannermann
et al, 2004; Maren and Holt, 2004; Trivedi and Coover, 2004;
Rudy and Matus-Amat, 2005). We therefore postulated an
involvement of the ventral hippocampus in the observed
behavioral changes.

Indeed, we found that fear conditioning results in a signi-
ficant reduction in the power of kainate-induced gamma
oscillations in slice preparations of the ventral hippocam-
pus. Hippocampal gamma (30-80Hz) oscillations, which
emerge from rhythmic activity of GABAergic interneurons
(Buzsaki 2001; Gloveli et al, 2005), shape information flow
in the hippocampus and interconnected limbic areas asso-
ciated with the encoding and retrieval of memory (Hajos
and Paulsen 2009; Montgomery and Buzsaki 2007). Kainate-
induced gamma oscillations reflect levels of gamma oscilla-
tions in vivo and have been correlated with learned
avoidance behavior (Lu et al, 2011) and the avoidance of
open segments of a zero maze in Clock mutant mice
(Dzirasa et al, 2011). Thus, our data are in good agreement
with an involvement of gamma oscillations in the ventral
hippocampus in anxiety and/or avoidance behavior.

Neural activity in the ventral hippocampus has profound
impact on the regulation of the HPA axis (Herman et al,
1995) and in turn is highly sensitive to corticosterone
(Maggio and Segal, 2007; 2009). In fact, we could restore the
power of gamma oscillations in slice preparations from fear
conditioned animals through corticosterone application.
The recovery was selective with respect to behavioral state,
as corticosterone did not affect gamma power in uncondi-
tioned controls. This is in line with previous observations in
slices from naive mice, where corticosterone reduced the
frequency regularity of carbachol-induced gamma oscilla-
tions but did not affect gamma peak power or overall power
(Weiss et al, 2008). Considering the observed reduction of
GR and MR mRNA expression across CA3 strata and the
unaltered plasma corticosterone levels of fear conditioned
animals, it thus appears that a single fear conditioning
session was sufficient to induce local changes of corticos-
terone-sensitive cellular functions in the ventral hippocam-
pus. This is in line with a stress-induced ‘tuning’ of ventral
hippocampus network activity and GABAergic function
reported previously (Orchinik et al, 2001; Maggio and Segal,
2009), although such persistent changes have not previously
been reported in this region following fear conditioning.

On the other hand, exposure to reminder cues has been
shown to induce lasting PTSD-related dysfunction following
fear conditioning in mice (Olson et al, 2011). When reac-
tivated, fear memory becomes modified and can either be
reconsolidated (eg, following a single exposure) or extin-
guished (eg, following repetitive exposures). Both processes
have been discussed as targets for the treatment of excessive
fear (Quirk et al, 2010; Schiller et al, 2010). In our experi-
ments, mice were re-exposed to a single reactivation session
with a set of four non-reinforced CS -+, which allows for
fear memory reconsolidation but not fear extinction (Laxmi
et al, 2003; Rehberg et al, 2010). Such reconsolidation is
thought to reflect an updating process, where memory
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enters a labile phase that partly resembles the original memory
consolidation and then is restored in a slightly modified
form (Alberini, 2011; Rodriguez-Ortiz and Bermudez-Rattoni
2007). Like the primary fear development, reconsolidation
appears to be critically dependent on glucocorticoids (Wang
et al, 2008; Blundell et al, 2011).

Our data also suggest a lasting modification of corticos-
terone-sensitive cellular functions in the ventral hippo-
campus. After reactivation of fear memory, anxiety-like
behavior and gamma oscillations were maintained at reduced
levels, comparable to those after fear conditioning alone.
However, we observed a profound loss of corticosterone
sensitivity of the network activity and a return of GR and
MR mRNA expression to control levels. At the same time,
the fear reactivation group showed an enhancement of
baseline and stimulus-induced corticosterone levels, poten-
tially through a disturbance of ventral hippocampus-mediated
feedback inhibition of the HPA axis. Moreover, freezing
to the background context but not the auditory cue was
increased after fear memory reactivation, in agreement with
our previous observations (Rehberg et al, 2010). Evidence
suggests that the formation, retrieval, and reconsolidation
of fear memory are dependent on corticosterone; however,
effects are strictly dependent on the time point of intervention.
Although corticosterone administration shortly before
training improves fear conditioning through activation of
GR (McGaugh, 2004; Schwabe et al, 2012), corticosterone
administration before and inhibition of GR shortly after
retrieval impair reconsolidation of fear memory (Cai et al,
2006). Moreover, post-retrieval application reduced freezing
to the context only in animals trained with high but not with
moderate shock intensity (Abrari et al, 2008). Hence,
depending on the tuning of fear memory-related brain
circuits by different training conditions corticosterone can
facilitate or can attenuate conditioned fear. Genetic and
experience-dependent differences in HPA axis regulation
are therefore likely to disposition for the individual respond-
ing, which may be reflected in the individual variability
of endogenous corticosterone levels in our experiments
(Figure 4).

Strikingly, after fear memory reactivation, the sensitivity
of gamma oscillations to corticosterone was lost although
levels of GR and MR expression were comparable to those
in naive mice. The cellular change may reflect an adaptive
response to enhanced levels of the hormone, and may
protect from hippocampal structural and functional im-
pairments (Stranahan et al, 2008), which are frequently
observed after prolonged increase in baseline corticosterone
(Conrad 2006). On the other hand, enhanced corticosterone
levels could serve to compensate for the reduced corticos-
terone sensitivity in the ventral hippocampus and to
maintain low anxiety levels in the reactivated mice, like
those observed after fear conditioning per se. In addition,
they might be responsible for the observed contextual
generalization of the fear memory acting, for example, via
the dorsal hippocampus (Kaouane et al, 2012). Therefore,
we further analyzed the impact of corticosterone on
anxiety-related behavior in fear reactivated animals.

Hippocampal feedback controls the strength and duration
of stress-induced corticosterone secretion, but also the cir-
cadian fluctuation of the hormone (Jacobson and Sapolsky,
1991). However, we found circadian fluctuations of corticosterone
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concentrations to be maintained after fear memory reactiva-
tion, with levels that match other observations in C57Bl/6]
mice (Dalm et al, 2005). By permutating the daytime of
training, memory reactivation and testing, we could thus
investigate potential effects of endogenous corticosterone
levels on fear and anxiety. Indeed, we found that higher
corticosterone concentrations at the peak of the circadian
rhythm, 1h after lights off (T1), were associated with lower
levels of anxiety-like behavior than those measured on
5h later (T6; Supplementary Figures S5A, C). This could be
further confirmed by analyzing the behavior of animals
solely on the basis of their basal corticosterone concentra-
tions, and regardless of daytime. Animals with low endo-
genous corticosterone displayed different contextual fear
memory according to the daytime of previous memory
reactivation, thus likely reflecting a state-dependent mem-
ory effect. This effect, however, was not seen under high
endogenous corticosterone, which was generally associated
with strong contextual generalization (Figure 4d).

To directly test the function of corticosterone in the ventral
hippocampus, we finally applied corticosterone locally at
T6, that is, in a period of low endogenous levels. This led to
a profound increase of open arm exploration in the plus
maze, confirming the anxiolytic-like effect of corticoster-
one, and supporting the role of the ventral hippocampus
therein. At the same time, ventral hippocampal corticoster-
one injections failed to enhance the contextual response,
although administration at the same dose to the dorsal
hippocampus has been shown to increase contextual fear
memory and to evoke contextual generalization (Kaouane
et al, 2012). Anxiolytic effects of acute corticosterone have
been reported >30-year ago (File et al, 1979), but most
studies report anxiogenic-like effects after single or chronic
application (eg, Mitra and Sapolsky, 2008). Our data show
that the ventral hippocampus mediates anxiolytic effects of
corticosterone after fear reactivation.

Evidence for beneficial effects of elevated glucocorticoid
levels toward anxiety states also comes from patient studies.
Panic disorder patients with high cortisol release during
attacks display a better outcome of exposure therapy
(Siegmund et al, 2011). In phobic patients, cortisol release
during exposure to the phobic stimulus can buffer fear
symptoms and cortisone administration before exposure
decreases subjective feelings of fear (Soravia et al, 2006).
Even in patients that already have established chronic
PTSD, daily administration of low-dose cortisol is sufficient
to reduce symptoms of traumatic memories (reliving, night-
mares; de Quervain, 2008). Rhythmic network activities in
the ventral hippocampus and their experience-dependent
change may have a critical role in these processes.
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