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Curcumin, a yellow-pigment compound found in the popular Indian spice turmeric (Curcuma longa), has been extensively investigated for its
anti-inflammatory, chemopreventative, and antidepressant properties. Here, we examined the efficacy of dietary curcumin at impairing the
consolidation and reconsolidation of a Pavlovian fear memory, a widely studied animal model of traumatic memory formation in
posttraumatic stress disorder (PTSD). We show that a diet enriched with [.5% curcumin prevents the training-related elevation in the
expression of the immediate early genes (IEGs) Arc/Arg3.1 and Egr-1 in the lateral amygdala (LA) and impairs the ‘consolidation’ of an
auditory Pavlovian fear memory; short-term memory (STM) is intact, whereas long-term memory (LTM) is significantly impaired. Next, we
show that dietary curcumin impairs the ‘reconsolidation” of a recently formed auditory Pavlovian fear memory; fear memory retrieval
(reactivation) and postreactivation (PR)-STM are intact, whereas PR-LTM is significantly impaired. Additional experiments revealed that
dietary curcumin is also effective at impairing the reconsolidation of an older, well-consolidated fear memory. Furthermore, we observed
that fear memories that fail to reconsolidate under the influence of dietary curcumin are impaired in an enduring manner; unlike extinguished
fear memories, they are not subject to reinstatement or renewal. Collectively, our findings indicate that a diet enriched with curcumin is
capable of impaining fear memory consolidation and reconsolidation processes, findings that may have important clinical implications for the

INTRODUCTION

Posttraumatic stress disorder (PTSD), a trauma- and stress-
related disorder that is estimated to affect as much as 8% of
the adult US population (Kessler et al, 2012), is characterized
by intense fear and avoidance, hyperarousal, and the
maladaptive and frequent reexperiencing of a traumatic
event (Yehuda, 2002; Yehuda and LeDoux, 2007). Given that
fearful, traumatic memories are a core feature of this
disorder, a major focus of PTSD research at the preclinical
level has been to understand how associative fear memories
are formed and stored in the brain (Schafe et al, 2001;
Rodrigues et al, 2004; Sears et al, 2014), and how they might
be erased (Quirk et al, 2010; Maren, 2011; Sandkuhler and
Lee, 2013). Although this work has progressed rapidly in
recent years, few pharmacological compounds have emerged
that are readily applicable for use in a clinical setting.
Antidepressant medications, including selective serotonin-
reuptake inhibitors (SSRIs), remain the only currently
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approved pharmacological treatments for PTSD. Although
this approach has shown promise (Brady et al, 2000;
Davidson et al, 2001a, b), there are many well-documented
side effects associated with the use of SSRIs, and as many as
50% of patients fail to respond to treatment altogether
(Berger et al, 2009). It is thus of considerable interest to
investigate the efficacy of alternative compounds that may be
used either alone or in combination with existing approaches.

In recent years, interest has grown in the medicinal
applications of naturally occurring compounds. Among
these so-called ‘nutraceuticals’, curcumin is perhaps the
best characterized. A yellow-pigment polyphenol compound
found in the popular Indian spice turmeric (Curcuma
longa), curcumin has been extensively investigated for its
anti-inflammatory, chemopreventative, and neuroprotective
properties (Aggarwal and Shishodia, 2006; Aggarwal et al,
2007; Jagetia and Aggarwal, 2007; Aggarwal and Harikumar,
2009). More recently, evidence has accumulated indicating
that curcumin may also be useful for the treatment of
psychological disorders (Kulkarni et al, 2009). In rodent
models of depression, for example, orally administered
curcumin has been observed to significantly elevate brain
monoamines and to reduce depressive-like behaviors (Xu
et al, 2005a; Bhutani et al, 2009). Furthermore, daily oral
administration of curcumin during a period of chronic
unpredictable stress has been observed to reverse the effects
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of stress on serum CORT levels, hippocampal morphology,
hippocampal neurogenesis, and hippocampal-dependent
cognitive tasks (Xu et al, 2006, 2009). Finally, a recent
study has suggested that treatment with curcumin is
comparable to that of the SSRI fluoxetine in alleviating
depression in human clinical populations (Sanmukhani
et al, 2013).

Although interest has grown in the use of curcumin as a
potential adjunct treatment for depression, few studies have
examined its efficacy in the treatment of other stress-related
disorders, including PTSD. Accordingly, in the present
study we examined the effects of a dietary source of
curcumin on Pavlovian fear conditioning, a widely studied
preclinical model of traumatic memory formation in PTSD
(Milad et al, 2006; Yehuda and LeDoux, 2007; Mahan and
Ressler, 2012; Zovkic and Sweatt, 2013). We show that rats
freely fed a diet enriched with curcumin around the time of
fear conditioning or fear memory retrieval exhibit impair-
ments in the consolidation and reconsolidation of a Pavlo-
vian fear memory, respectively. Our findings suggest that
curcumin may be useful as an adjunct in the treatment of
psychological disorders such as PTSD that are characterized
by unusually strong and persistently reactivated traumatic
memories.

MATERIALS AND METHODS
Subjects

Adult male Sprague-Dawley rats (Harlan), weighing 300-
350 g and aged 2-3 months, were housed individually in
plastic cages and maintained on a 12h light/dark cycle.
Food and water were provided ad libitum throughout each
experiment.

Curcumin Diet

Rats were given either a global 18% protein chow diet
(Control chow; Harlan Teklad) or a global 18% protein
chow diet commercially made with 1.5% curcumin (Curcu-
min chow; Fisher Scientific, 95% curcumin (diferuloyl-
methane)). This relatively high concentration of curcumin
was chosen because of the well-documented low bioavail-
ability of the compound (Anand et al, 2007; Prasad et al,
2014). Both diets were provided in pellet form and stored at
4 °C until use. Rats were observed to eat, on average, 18 g of
each diet per day over a 5-day period (~ 270 mg curcumin/
day, on average) that did not differ significantly between
groups (Control chow: 18%0.6g; Curcumin chow:
18.6 £0.5g, p>0.05; not shown). Rats were observed to
tolerate the curcumin-enriched diet well, with no observable
signs of distress and comparable weight gain on day 5 of the
diet relative to a group eating control chow (Control chow:
5.9 £ 0.3% gain from day 1; Curcumin chow: 5.6 £ 0.2% gain
from day 1, p>0.05; not shown).

Western Blotting Experiments

For western blotting experiments examining Arc/Arg3.land
Egr-1 expression, rats were placed on either a control chow
or a 1.5% curcumin-enriched chow diet (day 1) 5 days
before fear conditioning. Rats were habituated to handling
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and to the conditioning chamber (chamber A) for 15 min on
the day before training (day 5). On the conditioning day
(day 6), rats received 2 tone-shock pairings consisting of a
20s, 5kHz, 75dB tone conditioned stimulus (CS) that
coterminated with a 1s, 0.5mA footshock unconditioned
stimulus (US). At 2h after fear conditioning, rats were
rapidly and deeply anesthetized using isoflurane and brains
were removed, frozen on dry ice, and stored at — 80 °C until
processing. ‘Naive’ rats fed either a diet of control chow or
curcumin-enriched chow were handled and killed on the
same day as fear conditioned rats, but did not receive fear
conditioning.

Punches containing the lateral amygdala (LA) were
obtained with a 1mm punch tool (Fine Science Tools)
from 400-pum-thick sections taken on a sliding freezing
microtome. Punched slices were examined using low-power
light microscopy to verify the accuracy of the LA punch.
Only those rats with punches confined to the borders of the
LA were included in the analysis. Punches were manually
dounced in 100 pl of ice-cold hypotonic lysis buffer (10 mM
Tris-HCl, pH 7.5, 1mM EDTA, 2.5mM EDTA, 2.5mM
sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluor-
ide, 1mM f-glycerophosphate, 1% Igepal CA-630, 1%
protease inhibitor cocktail (Sigma), and 1mM sodium
orthovanadate). Sample buffer was immediately added to
the homogenates, and the samples were boiled for 4 min.
Homogenates were electrophoresed on 10% Tris-HCI gels
and blotted to Immobilon-P (Millipore). Western blots were
blocked in TTBS buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, and 0.05% Tween-20) with 5% dry milk. Blots were
incubated with either anti-Arc antibody (1:1000; cat. no.
SC17839; Santa Cruz Biotechnology) or anti-Egr-1 antibody
(1:1000; cat. no. SC110; Santa Cruz Biotechnology). Blots
were then incubated with either anti-mouse (for Arc/
Arg3.1) or anti-rabbit (for Egr-1) antibody conjugated to
horseradish peroxidase (Cell Signaling) and developed
using West Dura chemiluminescent substrate (Pierce
Laboratories). Western blots were developed in the linear
range used for densitometry. Densitometry was conducted
using NIH Image] software. To control for inconsistencies
in loading, optical densities were normalized to glyceralde-
hyde-2-phosphate  dehydrogenase (GAPDH) protein
(1:20,000; cat. no. ab9484; Abcam). Data were normalized
to the average value of naive controls fed a diet of control
chow and analyzed using ANOVA.

Fear Conditioning Experiments

To examine the effects of dietary curcumin on fear memory
consolidation, rats were placed on either control chow or a
1.5% curcumin-enriched chow diet (day 1) for 5 days before
auditory fear conditioning. On the day before conditioning
(day 5), rats were habituated to the conditioning chamber
(chamber A) for 15min that consisted of a lit rodent
conditioning chamber with a grid floor (Coulbourn Instru-
ments). The following day (day 6), rats were placed in
chamber A and exposed to 2 tone-shock pairings consisting
of 20s, 5kHz, 75dB tone CS that co-terminated with a 1s,
0.5mA footshock US. Testing for short-term memory
(STM) and long-term memory (LTM) occurred 2 and 24h
(days 6 and 7) following training, respectively. The testing
chamber (chamber B) was dark (no light) with a black
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plastic floor that had been washed with a peppermint-
scented soap. Rats were exposed to 3 CS tones for the STM
test and 10 CS tones for the LTM test. Rats in the curcumin
group remained on curcumin-enriched chow throughout
the STM and LTM tests.

To examine the effects of dietary curcumin on fear
memory reconsolidation, rats were habituated to chamber A
on the day before conditioning (day 1). The following day
(day 2), rats were fear conditioned in chamber A with 2
tone-shock pairings as described above. On day 3, rats were
placed on either a control chow or 1.5% curcumin-enriched
chow diet. After 5 days on the diet (day 8), rats were given a
memory reactivation trial in chamber B in which they
received a single presentation of a CS tone (20s, 5kHz,
75dB). At 2h after reactivation, rats were returned to
chamber B and tested for postreactivation STM (PR-STM)
consisting of presentation of three CS tones (20s, 5kHz,
75dB). After 24h (day 9), rats were returned to chamber B
where they received a postreactivation LTM (PR-LTM) test
consisting of 10 CS tone presentations (20s, 5kHz, 75 dB).
In a separate experiment, ‘non-reactivated’ controls were
habituated and trained (days 1 and 2) and placed on a
control chow or 1.5% curcumin-enriched chow diet (day 3)
for 5 days. On day 8, rats were placed in chamber B for the
same duration as the reactivated group but were not
exposed to a tone CS. Rats then received tests of ‘PR’-STM
and ‘PR’-LTM in chamber B in an identical manner to the
reactivated groups. Rats in the curcumin groups in each
experiment (reactivated and nonreactivated) remained on
curcumin-enriched chow throughout the reactivation, PR-
STM, and PR-LTM tests.

To examine the effects of dietary curcumin on the
reconsolidation of an older fear memory, rats were
habituated (day 1) and trained (day 2) as above. After 9
days, rats were placed on either a control chow or 1.5%
curcumin-enriched chow diet. At 5 days after starting the
diet (day 16; 2 weeks after training), rats were given a
memory reactivation trial in chamber B where they received
a single presentation of a CS tone (20s, 5kHz, 75dB). At 2
and 24 h following the reactivation trial, rats received testing
for PR-STM (day 16) and PR-LTM (day 17) in chamber B as
described above. Rats in the curcumin group remained on
curcumin-enriched chow throughout the reactivation, PR-
STM, and PR-LTM tests.

To test whether fear memories that fail to reconsolidate
under the influence of dietary curcumin are susceptible to
reinstatement or renewal, rats were habituated (day 1) and
fear conditioned (day 2) as above. The following day (day
3), rats were placed on either a control chow or 1.5%
curcumin-enriched chow diet. On day 5 of the diet (day 8),
two groups of rats fed a diet of control chow received
extinction training with 40 CS presentations (20s, 5kHz,
75 dB) in chamber B, whereas another two groups fed a diet
of either control chow or curcumin-enriched chow received
a memory reactivation trial consisting of a single tone CS
presentation in chamber B. The following day (day 9), all
rats received an initial retention test consisting of 5 CS tone
presentations (20s, 5kHz, 75dB) in chamber B as test for
fear extinction retention or reconsolidation impairment.
Following this first tone test, all rats were returned to a
control chow diet. After 1 day (day 10), all rats received
a reinstatement session consisting of a single exposure to a
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shock US (0.5mA) in chamber C. The reinstatement
chamber (chamber C) was a distinct, brightly lit chamber
with a grid floor and cedar wood chips. The following day
(day 11), all rats were given a second tone test consisting of
5 CS presentations (20s, 5kHz, 75dB) in chamber B to test
for reinstatement of the fear memory. The next day (day
12), all rats were given a final tone test consisting of 5 CS
presentations (20s, 5 kHz, 75 dB) in a new context (chamber
D) to examine renewal of the fear memory. Chamber D was
a lit chamber with grid floors wrapped in blue pads with
scented fabric softener.

All behavioral testing was videotaped for subsequent
scoring of freezing behavior by an experimenter blind to
dietary conditions. Freezing was defined as a lack of all
movement with the exception of that which is required for
respiration and was quantified as the percent of time the rat
spent engaged in freezing behavior during each of the CS
presentations. All data were analyzed using ANOVA and
Duncan’s post hoc t-tests. Differences were considered
significant if p<0.05.

RESULTS

Dietary Curcumin Impairs the Consolidation of a
Pavlovian Fear Memory

In our first series of experiments, we asked whether dietary
curcumin is capable of impairing the consolidation of a
Pavlovian fear memory. Rats were provided with either a
control diet or a 1.5% curcumin-enriched diet before fear
conditioning. A portion of the rats was killed 2h after
conditioning to examine the effect of dietary curcumin on
training-related expression of Arc/Arg3.1 and Egr-1 in the
LA, two immediate early genes (IEGs) that we and others
have shown to be necessary for fear memory consolidation in
the LA (Malkani et al, 2004; Ploski et al, 2008; Maddox et al,
2011). The remaining rats were tested for STM and LTM at 2
and 24h following training, respectively (Figure la).

Consistent with previous findings (Malkani and Rosen,
2000; Ploski et al, 2008; Maddox et al, 2011), we observed a
significant elevation in both Arc/Arg3.1 and Egr-1 expres-
sion in the LA in fear conditioned rats fed control chow
(Chow/EC) relative to naive control rats fed control chow
(Chow/Naive). The ANOVA for each IEG revealed a
significant effect for group (Arc/Arg3.1: F; 36 =3.41,
p<0.05; Egr-1: F; 36 =3.29, p<0.05), with the Chow/FC
group differing significantly from all other groups (p <0.05;
Duncan’s test; Figure 1b). Importantly, this training-related
expression of Arc/Arg3.1 and Egr-1 in the LA was observed
to be completely blocked in fear conditioned rats fed
curcumin-enriched chow (Chow/Naive vs Curc/FC; p>0.05;
Duncan’s test; Figure 1b). Furthermore, curcumin alone had
no effect on the expression of Arc/Arg3.1 and Egr-1 in the
LA (Chow/Naive vs Curc/Naive; p>0.05; Duncan’s test;
Figure 1b).

In our behavioral experiments, we observed intact
freezing during training (‘postshock freezing’ (PSF)) for
each group. The ANOVA for postshock freezing revealed a
significant effect of trial (F(,, ) =121.54, p<0.001), but no
significant effects of group (F,19)=0.63, p>0.05) or the
group by trial interaction (Fy, 10)=0.12, p>0.05), suggest-
ing that dietary curcumin has no effect on shock sensitivity
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Dietary curcumin impairs the consolidation of an auditory fear memory. (a) Schematic of the behavioral protocol. (b) Mean (£ SEM)

immunoreactivity for Arc/Arg3.1 and Egr-1 proteins in the LA of Chow/Naive (n = 10), Curcumin/Naive (n = 10), Chow/Fear Conditioned (FC; n= 10), and
Curcumin/FC (n=10) groups 120 min after training. Representative blots can be seen in the inset. Here, IEG protein levels have been normalized to
GAPDH levels for each sample. Each protein is expressed as a percentage of the Chow/Naive group. *P <0.05, relative to the Chow/Naive group. (c) Mean
(£ SEM) postshock freezing in Chow (n = 6) and Curcumin (n = 6) groups immediately after the conditioning trials. (d) Mean (£ SEM) STM assessed at 2 h
after conditioning in each group. (e) Mean (+SEM) LTM assessed 24 h after conditioning in each group (Chow vs Curcumin; p <0.05).

(Figure 1c). Furthermore, we observed no effect of dietary
curcumin on STM (Figure 1d). The ANOVA for STM
revealed no significant main effects of group (F(;,10)=0.28,
p>0.05), trial (F(,,20)=0.78, p>0.05), or the group by trial
interaction (F(,, 59y =0.13, p>0.05). Dietary curcumin was,
however, observed to significantly impair LTM (Figure 1le).
The ANOVA for LTM revealed a significant effect of group
(F1,10)=7.04, p<0.05) and trial (F,o0)=9.91, p<0.001),
but no significant group by trial interaction (Fo,9)=10.09,
p>0.05). Additional experiments showed that 5 days of
dietary curcumin exposure has no effect on baseline levels
of plasma corticosterone (CORT) or training (eg, shock)-
related elevation in plasma CORT (Supplementary Figure
S1b). Furthermore, dietary curcumin was observed to have
no significant effect on performance in the elevated plus
maze (Supplementary Figure Slc and d) or the open field
test (Supplementary Figure Sle), two unlearned measures of
fear and/or anxiety. Collectively, these findings indicate that
a diet enriched with curcumin impairs both the training-
related regulation of memory-related IEGs in the LA and the
consolidation of a Pavlovian fear memory; acquisition and
STM are intact, whereas LTM is impaired.

Dietary Curcumin Impairs the Reconsolidation of a
Pavlovian Fear Memory

In our second series of experiments, we asked whether
dietary curcumin is effective at impairing the reconsolidation
of a Pavlovian fear memory. Rats were habituated and fear
conditioned as above, and then provided with either a
control diet or a 1.5% curcumin-enriched diet. Rats were
then given a reactivation (retrieval) trial consisting of a single
presentation of the tone CS followed by PR-STM and PR-
LTM tests 2 and 24h later, respectively (Figure 2a). Both
groups exhibited intact PSF during the initial training session
(Figure 2b). The ANOVA for PSF scores revealed a significant
effect of trial (F(, ,0)=45.42, p<0.001), but nonsignificant
effects of group (F(;,10)=0.03, p>0.05) and the group by
trial interaction (F(z,,0)=0.02, p>0.05). Furthermore, both
groups exhibited intact and equivalent memory recall during
the reactivation session (Figure 2c). The ANOVA for the
reactivation session revealed a significant effect for trial (pre-
CS vs CS; F(y, 10y = 44.92, p<0.001), and nonsignificant effects
of group (F(;,10)=0.01, p>0.05) and the group by trial
interaction (F(j, 10y =0.01, p>0.05). Similarly, curcumin was
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Figure 2 Dietary curcumin impairs the reconsolidation of an auditory fear memory. (a) Schematic of the behavioral protocol. (b) Mean (% SEM)
postshock freezing in Chow (n = 6) and Curcumin (n = 6) groups immediately after the conditioning trials. (c) Mean (£ SEM) percent freezing in each group
during the reactivation trial. *P<0.05 relative to the pre-CS period. (d) Mean (+ SEM) PR-STM assessed 2 h after the reactivation trial in each group.
(e) Mean (£ SEM) PR-LTM assessed 24 h after the reactivation trial in each group (Chow vs Curcumin; p <0.05).

found to have no effect on PR-STM tested 2h after the
reactivation session (Figure 2d). The ANOVA for PR-STM
showed nonsignificant effects of group (F(;,10)=0.01,
p>0.05), trial (F(, 20)=0.85, p>0.05), and the group by
trial interaction (F(,, 59)=0.07, p>0.05). D1etary curcumin
was, however, observed to significantly impair PR-LTM
(Figure 2e). The ANOVA for PR-LTM revealed a significant
effect of group (F(,10=21.56, p<0.001) and trial
(F(9,90) = 5.18, p<0.001), but a nonsignificant group by trial
interaction (Fg 99y =10.07, p>0.05). These findings indicate
that a diet enriched with curcumin effectively impairs the
reconsolidation of a Pavlovian fear memory; reactivation and
PR-STM are intact, whereas PR-LTM is impaired.

The Effect of Dietary Curcumin on Fear Memory
Reconsolidation Is Specific to Reactivated Memories

As a control for our reconsolidation experiments, we next
examined the effect of a curcumin-enriched diet on a
‘nonreactivated’ fear memory. Rats were habituated,
trained, and provided a diet of either control chow or
1.5% curcumin-enriched chow as above. On the reactivation
day, rats were placed in the testing chamber for the same
duration as the reactivated groups, but they were not
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exposed to the CS (Figure 3a). Similar to our reactivation
experiments, both groups exhibited intact PSF during
the initial training session (Figure 3b). The ANOVA for
PSF scores revealed a significant effect of trial (F,,.5)=
194.14, p<0.001), but nonsignificant effects of group
(F(1,14)=0.02, p>0.05) and the group by trial interaction
(F(2,28)=0.03, p>0.05). The ANOVA for the ‘no-reactiva-
tion’ session predictably showed no main effects of trial
(pre-‘CS’ vs ‘CS’; F(1,14y=0.01, p>0.05), group (F(; 14y=
0.01, p>0.05), or the group by trial interaction (F, 14)=
0.01, p>0.05; Figure 3c). Furthermore, dietary curcumin
was observed to have no effect on either ‘PR’-STM or ‘PR’-
LTM (Figures 3d and e). The ANOVA for ‘PR’>-STM revealed
no main effects of group (F,14)=0.01, p>0.05), trial
(F2,28)=2.09, p>0.05), or the group by trial interaction
(F(2,28)=0.14, p>0.05). The ANOVA for ‘PR’-LTM revealed
a significant effect for trial (Fo, 126y =6.57, p <0.001), but no
significant effects of group (F(,14=0.01, p>0.05) or a
group by trial interaction (F(o,126)=0.11, p>0.05). These
findings suggest that the ability of dietary curcumin to
effectively impair the reconsolidation of a fear memory is
predicated on active memory recall during the reactivation
session; in the absence of memory reactivation, curcumin
has no effect on the retention of the fear memory.
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Figure 3 Dietary curcumin has no effect on a nonreactivated fear memory. (a) Schematic of the behavioral protocol. (b) Mean (+ SEM) postshock
freezing in Chow (n=8) and Curcumin (n=8) groups immediately after the conditioning trials. (c) Mean (+ SEM) freezing in each group during the ‘no-
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Dietary Curcumin Impairs the Reconsolidation of an
Older Fear Memory

In our initial reconsolidation experiment, we reactivated the
fear memory within 24 h following training. Here, we asked
whether dietary curcumin can impair the reconsolidation of
an older, well-consolidated fear memory. Rats were
habituated, trained, and provided with a diet of control
chow or 1.5% curcumin-enriched chow as in our previous
reconsolidation experiment, with the exception that the
memory reactivation session occurred 14 days after fear
conditioning. After reactivation of the older fear memory,
rats were then tested for PR-STM and PR-LTM at 2 and 24h
following the reactivation session (Figure 4a). Both groups
exhibited intact PSF during the initial training session
(Figure 4b). The ANOVA for PSF revealed a significant
effect for trial (F(z,124)=52.92, p<0.001), and nonsignifi-
cant effects for group (F(;,12)=0.01, p>0.05) and the group
by trial interaction (F(z,,4)=0.01, p>0.005). We observed
that dietary curcumin had no effect on retrieval of the older
fear memory (Figure 4c). The ANOVA revealed a significant
effect of trial (pre-CS vs CS; F(y,11)=61.92, p<0.001), but a
nonsignificant effect of group (F;,11)=0.04, p>0.05) and
the group by trial interaction (F(,;;)=0.01, p>0.05).
Furthermore, we observed that dietary curcumin effectively

impairs the reconsolidation of the older fear memory; PR-
STM was intact, whereas PR-LTM was significantly
impaired (Figures 4d and e). The ANOVA for PR-STM
revealed no significant effects of group (F(;, 12 =0.15,
p>0.05), trial (F(,, ,4)=0.06, p>0.05), or the group by trial
interaction (F(;,,4)=0.07, p>0.05). The ANOVA for PR-
LTM test revealed significant main effects of group
(F(I,IZ) = 7.74, p<005) and trial (F(Z, 24) :474, p<0.05),
but no significant interaction (F(,,,4)=0.04, p>0.05).

Fear Memories That Fail to Reconsolidate Under the
Influence of Dietary Curcumin Are Impaired in an
Enduring Manner

Our experiments thus far collectively suggest that dietary
curcumin impairs the reconsolidation of a Pavlovian fear
memory in a retrieval-specific manner. Previous studies
have shown that amygdala-dependent fear memories that
are lost because of interference with the reconsolidation
process are lost in an enduring manner; unlike fear
memories that are impaired following fear extinction
procedures, memories that fail to reconsolidate are not
typically sensitive to spontaneous recovery, reinstatement
following a series of reminder shocks, or renewal in a new
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Figure 4 Dietary curcumin impairs the reconsolidation of an older auditory fear memory. (a) Schematic of the behavioral protocol. (b) Mean (+ SEM)
postshock freezing in Chow (n=8) and Curcumin (n = 8) groups immediately after the conditioning trials. (c) Mean ( = SEM) freezing in each group during
the reactivation trial. *P<0.05 relative to the pre-CS period. (d) Mean (£ SEM) PR-STM assessed 2 h after the reactivation trial in each group. (e) Mean
(£ SEM) PR-LTM assessed 24 h after the reactivation trial in each group (Chow vs Curcumin; p <0.05).

testing context (Debiec and LeDoux, 2004; Duvarci and
Nader, 2004; Kindt et al, 2009; Maddox and Schafe, 2011a,
b). In this final series of experiments, we asked whether fear
memories that fail to reconsolidate under the influence of
dietary curcumin are similarly resistant to reinstatement
and renewal. Rats were habituated, trained, and placed on a
diet of either control chow or 1.5% cucurmin-enriched
chow. Rats in each diet condition then received a memory
reactivation trial consisting of a single tone CS as in our
previous experiments. To compare the effects of reconso-
lidation impairment with that of fear extinction, two
additional groups of rats fed a diet of control chow
underwent extinction training consisting of 40 CS presenta-
tions. One of these extinction groups (Chow/Ext/Reinst)
would later undergo reinstatement, whereas the other
(Chow/Ext/No Reinst) would not. The following day, rats
in each of the four groups (Chow/React, Curcumin/React,
Chow/Ext/Reinst, and Chow/Ext/No Reinst) received a tone
test consisting of 5 CS presentations as an initial test for
extinction retention and reconsolidation impairment. To
test for reinstatement of fear, rats in the reactivated groups
(Chow/React; Curcumin/React) and those in one of the
extinguished groups (Chow/Ext/Reinst) received a rein-
statement session consisting of exposure to the US in a
distinct context. After 24 h, rats in each group were given a
second tone test consisting of 5 CS presentations as a test of
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reinstatement. The following day, all rats received a final
tone test in a distinct, novel context to test for fear memory
renewal (Figure 5a).

All groups exhibited intact PSF during the initial training
session (Figure 5b). The ANOVA for PSF scores revealed a
significant effect of trial (F(,, ¢s) = 207.14, p<0.001), and non-
significant effects of group (F 34)=0.11, p>0.05) and the
group by trial interaction (Fs ¢5)= 0.12, p>0.05). The ANOVA
for the reactivation session (Figure 5c) revealed a significant
effect of trial (pre-CS vs CS; F(j,¢sy=29.25, p<0.001), but
nonsignificant effects of group (F,,17) = 3.13, p>0.05) and the
group by trial interaction (F(,17)=4.91, p>0.05), indicating
that each of the groups exhibited intact and equivalent
memory reactivation. The ANOVA for the extinction session
(Figure 5d) revealed a significant effect of trial
(F(39,663) = 11.53, p<0.001) and nonsignificant effects of group
(F1,17y=0.01, p>0.05) and the group by trial interaction
(F(39,663) = 0.16, p>0.05), indicating that each of the groups
exhibited equivalent memory extinction across trials.

During the initial retention test, the Curcumin/React group
and the two extinguished groups exhibited impaired
reconsolidation of the fear memory and intact fear extinc-
tion, respectively (Figure 5e). The ANOVA revealed a
significant effect for group (F, 3s5)=20.86, p<0.001) and
trial (F(4, 140) = 18.02, p<0.001), but no significant interaction
(F12,140)=1.00, p>0.05). Duncan’s post hoc analysis re-
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Figure 5 Curcumin-induced reconsolidation impairments are not subject to reinstatement or renewal. (a) Schematic of the behavioral protocol. (b) Mean
(£ SEM) postshock freezing in Chow/Ext/No Reinst (n=10), Chow/Ext/Reinst (n=9), Chow/React (n=9), and Curcumin/React (n=10) groups
immediately after the conditioning trials in context A. (c) Mean ( + SEM) freezing in the reactivated groups during the reactivation trial in context B. *P < 0.05
relative to the pre-CS period. (d) Mean (£ SEM) freezing during extinction training in context B in the two groups fed a diet of regular chow. Note that one
of these groups (Chow/Ext/Reinst) would later be exposed to an unsignaled shock US to reinstate the fear memory, whereas the other group (Chow/Ext/
No Reinst) would not (f). (e) Mean (£ SEM) freezing in each group in context B during the initial retention test 24 h after reactivation or extinction trials.
(f) Mean (£ SEM) PSF in each group during the reinstatement session in context C. (g) Mean (£ SEM) freezing during the second tone test (Reinstatement
Test) given in context B 24h after the reinstatement session. Note that the fear memory has returmned in the Chow/Ext/Reinst group, but not in the
Curcumin/React group. (h) Mean (£ SEM) freezing during the third tone test (renewal test) given in context D 24 h after the Reinstatement Test. Note that
the fear memory has returned in the both of the extinction groups, but not in the Curcumin/React group.

vealed that the Chow/React group differed significantly from
all other groups (p<0.05). Thus, rats fed curcumin during
the reactivation trial (Curcumin/React) exhibited impaired
PR-LTM as we have observed previously, whereas rats in the
two extinction groups exhibited intact long-term extinction
memory. During the reinstatement session, each of the three
groups receiving the US exhibited intact PSF (Figure 5f). The
ANOVA for the reinstatement session revealed significant
main effects of group (F 35 =8.13, p<0.001), trial
(F(1,35)=137.47, p<0.001), and the group by trial interaction
(F,35)=19.44, p<0.001), with the Chow/Ext/No Reinst
group differing significantly from all other groups (p <0.01;
Duncan’s test). During the second tone test (Reinstatement
Test), the Chow/Ext/Reinst group exhibited reinstatement of
fear whereas the Curcumin/React group did not (Figure 5g).
The ANOVA revealed significant main effects of group
(Fis.35=2325, p<0.001) and trial (F4, 140 = 13.51,
p<0.001), and a nonsignificant group by trial interaction
(F12,140) =0.29, p>0.05), with the Chow/React and Chow/
Ext/Reinst groups differing significantly from the other
groups (p<0.05, Duncan’s test). Thus, curcumin-fed rats
that exhibit impaired PR-LTM because of interference with
the reconsolidation process (Curcumin/React) fail to recover

their fear memory following presentation of an aversive US,
whereas rats that exhibit impaired fear memory following
extinction (Chow/Ext/Reinst) do recover their fear memory.
Finally, during the third tone test (Renewal Test), each of the
two extinguished groups exhibited renewal of the fear
memory, whereas the Curcumin/React group did not
(Figure 5h). The ANOVA revealed significant main effects
of group (F(; 35 =3.54, p<0.05) and trial (F4 140)=27.73,
p<0.001), but a nonsignificant group by trial interaction
(F12,140)=10.20, p>0.05), with the Curcumin/React group
differing significantly from the other groups (p<0.05,
Duncan’s test). Thus, curcumin-fed rats that exhibit impaired
PR-LTM because of interference with the reconsolidation
process do not recover their memory when tested in a new
context, whereas rats that exhibit impaired fear memory
following extinction do.

Collectively, these findings suggest that memory loss
following interference with the reconsolidation process
in rats fed a diet enriched with curcumin is enduring;
unlike fear memories that are impaired because of
extinction, memories that fail to reconsolidate under the
influence of curcumin are not susceptible to reinstatement
or renewal.
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DISCUSSION

The study of the cellular and molecular mechanisms
underlying the consolidation and reconsolidation of Pavlo-
vian fear memories has progressed rapidly in recent years
(Schafe et al, 2001; Dudai and Eisenberg, 2004; Maren and
Quirk, 2004; Rodrigues et al, 2004; Alberini, 2005; Tronson
and Taylor, 2007), due in part to the promise of discovering
novel pharmacological compounds for the treatment of
psychological disorders, such as PTSD, that are character-
ized by unusually strong and persistently reactivated
traumatic memories. Few compounds, however, have
emerged from these efforts that are readily useful in a
clinical setting. In the present study, we systematically
investigated the efficacy of a dietary source of curcumin at
impairing the consolidation and reconsolidation of a
Pavlovian fear memory. We show that rats fed a diet
enriched with curcumin before fear conditioning exhibit
impaired expression of memory-related IEGs in the LA and
impaired consolidation of a fear memory. Furthermore, rats
fed curcumin before retrieval of either recently formed or
older fear memories exhibit impaired reconsolidation of a
fear memory. Finally, we show that fear memories that fail
to reconsolidate under the influence of dietary curcumin are
impaired in an enduring manner; unlike extinguished fear
memories, they do not reinstate following reminder shocks
or renew in a new context. Our findings collectively provide
the first preclinical evidence that curcumin may be a
beneficial pharmacological tool, either alone or in combina-
tion with existing approaches, for the treatment of
psychological disorders that involve the formation and
frequent reexperiencing of fearful or traumatic memories.
Curcumin is a naturally occurring lipophilic polyphenol
compound derived from the rhizome of the turmeric plant
(C. longa), a species within the ginger family. Turmeric is a
commonly used yellow-pigmented spice in Indian and East
Asian cuisines and consists of several distinct curcuminoids,
curcumin (diferuloylmethane) being the most widely studied.
In preclinical studies, curcumin has been shown to possess a
wide variety of biological actions, including anti-inflamma-
tory, antioxidant, chemopreventative, and neuroprotective
properties (Aggarwal and Shishodia, 2006; Aggarwal et al,
2007; Jagetia and Aggarwal, 2007; Aggarwal and Harikumar,
2009). Orally administered curcumin has been shown to be
well tolerated by human subjects with relatively few side
effects (Anand et al, 2007), and is currently the focus of
clinical trials for a wide range of human diseases, including
various types of cancer, heart disease, arthritis, and asthma.
Furthermore, given that curcumin readily enters the brain
(Anand et al, 2007), interest has recently grown in its use for
the potential treatment of neuropsychiatric disorders ranging
from dementia to schizophrenia to depression (Kulkarni and
Dhir, 2010). Curcumin, for example, has shown considerable
promise in rodent models of depression (Xu et al, 2005a, b,
2006, 2009; Bhutani et al, 2009; Kulkarni et al, 2009; Hurley
et al, 2013) and in a recent clinical trial in patient populations
with clinical depression (Sanmukhani et al, 2013). However,
no studies, of which we are aware, have systemically
examined the effects of curcumin at the preclinical level on
measures of fear and anxiety or at the clinical level in the
treatment of anxiety-related disorders, including PTSD.
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In our experiments, we show that 5 days of dietary
curcumin exposure is sufficient to impair training-related
increases in the expression of Arc/Arg3.1 and Egr-1 in the
LA, two IEGs that we and others have previously implicated
in the consolidation of Pavlovian fear memories (Malkani
et al, 2004; Ploski et al, 2008; Maddox et al, 2011). This
finding suggests that orally administered curcumin is reach-
ing the brain in sufficient concentrations to impair
intracellular processes in LA neurons related to fear memory
consolidation. Consistent with this finding, in behavioral
experiments we show that curcumin effectively impairs the
consolidation of an auditory Pavlovian fear memory; PSF and
STM are intact, whereas LTM is significantly impaired.
Importantly, the observation of intact PSF and STM rules out
the possibility that the observed LTM deficits in curcumin-
fed rats may be because of altered sensory (eg, tone or shock)
processing at the time of fear acquisition or to motivational
or performance factors at the time of testing. This finding is
further reinforced in our reconsolidation experiments, where
we observed no effect of dietary curcumin on reactivation (or
retrieval) of a Pavlovian fear memory or on PR-STM.
Curcumin was, however, observed to impair PR-LTM, but
only in rats in which the fear memory had been reactivated.
Importantly, the curcumin-enriched diet was observed to
effectively impair the reconsolidation of both a recently
formed (within 24 h) as well as an older, ‘well-consolidated’
(2-week-old) fear memory, suggesting that even older fear
memories are susceptible to reconsolidation impairment
using this compound. This latter finding adds to a growing
body of evidence that amygdala-dependent memories are
susceptible to reconsolidation interference regardless of their
age (Nader et al, 2000; Debiec and LeDoux, 2004; Maddox
and Schafe, 2011a), and has important implications for the
use of reconsolidation-based approaches in a clinical setting
given that many patients may not seek help immediately
following a traumatic experience. Finally, and perhaps most
important from a clinical perspective, we show that fear
memories that fail to reconsolidate under the influence of
dietary curcumin are impaired in an enduring manner; we
found no evidence that they are subject to reinstatement
following an unsignaled footshock or to renewal following a
shift in the testing context, both of which are trademark
characteristics of fear memories that are lost because of fear
extinction procedures (Pavlov, 1927; Bouton and Bolles,
1979; Bouton and Ricker, 1994). Thus, the present study
provides additional evidence in support of the use of
‘reconsolidation’-based approaches for the treatment and
long-term maintenance of traumatic memories.

The exact molecular mechanism by which curcumin
impairs fear memory consolidation and reconsolidation
processes remains to be explored. Curcumin has been
shown to exhibit a remarkably wide range of pharmacolo-
gical effects that may account for its diverse medicinal
properties, including effects on neurotransmitters, trophic
factors, protein kinases, and transcription factors (Aggarwal
and Harikumar, 2009). One attractive hypothesis is that
curcumin may be regulating fear memory consolidation
processes via modulating the IKK-NF-«xB signaling pathway
and resultant modification of chromatin structure on
memory-related IEGs in the LA. The NF-xB pathway, of
which curcumin is known to be a potent inhibitor (Jobin
et al, 1999; Bremner and Heinrich, 2002), has traditionally



been studied in the context of cellular inflammatory
processes and activation of the immune response
(Baeuerle and Henkel, 1994). Within the past decade,
however, it has become increasingly clear that NF-xB
signaling is also involved in memory formation, including
the consolidation (Yeh et al, 2004) and reconsolidation (Si
et al, 2012) of Pavlovian fear memories. At a mechanistic
level, recent findings have suggested that IKK-NF-xB may
regulate memory by promoting alterations in chromatin
structure on memory-related genes (Lubin and Sweatt,
2007). Retrieval of a contextual fear memory, for example,
has been observed to lead to an increase in histone H3
acetylation on the Zif-268 (Egr-1) gene in the hippocampus,
an effect that is blocked by intrahippocampal infusions of
an IKK inhibitor (Lubin and Sweatt, 2007). Once in the
nucleus, it has been suggested that NF-xB may promote
altered patterns of acetylation on memory-related genes by
recruiting coactivators such as p300/CBP (Chen et al, 2001),
a histone acetyltransferase (HAT) that is also potently
inhibited by curcumin (Balasubramanyam et al, 2004). Fear
conditioning has been reported to increase the association
of NF-xB with CBP in the amygdala, an effect that can be
further enhanced through the use of a histone deacetylase
(HDAC) inhibitor (Yeh et al, 2004). Furthermore, our lab
has shown that pharmacological inhibition of HAT or
HDAC activity in the LA can impair or further enhance the
consolidation and reconsolidation of Pavlovian fear mem-
ories, respectively (Maddox and Schafe, 2011b; Monsey
et al, 2011; Maddox et al, 2013). Given these findings, it is
plausible to hypothesize that curcumin may be regulating
fear memory consolidation processes via the inhibition of
IKK-NF-xB signaling, the inhibition of p300/CBP HAT
activity, or a combination of both mechanisms. Additional
studies will be required to evaluate this hypothesis further.

In summary, our findings provide compelling evidence
that a naturally occurring compound derived from the diet
can significantly impair either newly formed or reactivated
fear memories in a widely studied animal model of
traumatic memory formation in PTSD. Our findings suggest
that curcumin, or a derivative thereof, may hold great
promise as a therapeutic agent in alleviating fear and
anxiety disorders characterized by persistent, unwanted
memories when administered either during traumatic
memory formation or in conjunction with ‘reconsolida-
tion’-based forms of psychotherapy. In this paper, we
clearly focus on only one aspect of PTSD—fear memory
formation. Clinical PTSD, of course, is thought to involve
long-term stress-related changes in the brain (Yehuda and
LeDoux, 2007; Heim and Nemeroff, 2009; Pitman et al,
2012) in addition to the formation of traumatic memories.
Curcumin, however, may prove an ideal avenue of
treatment for PTSD given its increasingly well-documented
antidepressant properties (Kulkarni et al, 2009; Kulkarni
and Dhir, 2010) in addition to its ability to impair newly
formed and reactivated fear memories. Future studies
employing human clinical populations will be critical for
evaluating this hypothesis.
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