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The Conditions under Which Consolidation of Serial-Order
Conditioned Fear Requires De Novo Protein Synthesis in the
Basolateral Amygdala Complex

Matthew J. Williams-Spooner, R. Frederick Westbrook, and “Nathan M. Holmes
School of Psychology, University of New South Wales, Sydney, 2052 New South Wales, Australia

Consolidation of conditioned fear to a stimulus (S1) paired with shock requires de novo protein synthesis in the basolateral amygdala
complex (BLA), whereas consolidation of conditioned fear to a stimulus (S2) paired with the fear-eliciting S1 requires DNA methylation
but not denovo protein synthesis in the BLA. The present experiments merged these protocols by exposing rats to pairings of a serial S2-S1
compound and shock to examine if/when protein synthesis in the BLA is required to consolidate fear to S2. Rats received a BLA infusion
of the protein synthesis inhibitor, cycloheximide, immediately after the S2-S1-shock session and were subsequently tested with S2. The
infusion disrupted consolidation of fear to S2 when there had been no prior training of S1 (Experiment 1), the prior training had consisted
of unpaired presentations of S1 and shock (Experiment 4), or in pairings of S1 and sucrose (Experiment 5). Consolidation of fear to S2 was
unaffected by the infusion of cycloheximide but was disrupted by the DNA methyltransferase inhibitor, 5-AZA, when S1 had been
previously fear-conditioned (Experiments 2a, 2b, and 3). These findings imply that what has already been learned about S1 determines
the BLA processes that consolidate fear to S2. The already-fear-conditioned S1 blocks the S2-shock association that otherwise forms (and
whose consolidation requires de novo protein synthesis in the BLA) while simultaneously acting as a learned source of danger for its S2

associate (whose consolidation requires DNA methylation but not de novo protein synthesis in the BLA).
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ignificance Statement

fundamental mnemonic substrate.

Protein synthesis is widely thought to be crucial for consolidating new learning into stable memories, including the consolidation
of conditioned fear memories in the basolateral amygdala complex (BLA). However, our data provide clear evidence that the
requirement for protein synthesis to consolidate conditioned fear in the BLA depends on an animal’s previous training history,
and the type of learning that is consolidated. Further, within the BLA, our data show that DNA methylation, and not protein
synthesis, is necessary to consolidate higher-order conditioned fear, indicating that epigenetic mechanisms may provide a more
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Introduction

Laboratory rodents learn to fear cues that signal innate or learned
sources of danger. A standard protocol to produce the former
type of fear consists of pairing an affectively neutral stimulus
(e.g., a sound, S1) and an aversive foot shock. The protocol used
to produce the latter type of fear consists of first pairing S1 with
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shock, and then pairing a second neutral stimulus, S2 (e.g., a
light), with the already-conditioned S1. In each case, rats express
what is learned about S1 and S2 in autonomic and defensive
responses indicative of fear in people (Davis, 1992; Fanselow,
1998; McNally and Westbrook, 2006). Following Pavlov (1927),
the fear elicited by S1 is termed first-order conditioned fear, and
that elicited by S2 is termed second-order conditioned fear (Riz-
ley and Rescorla, 1972; Yin et al., 1994; Parkes and Westbrook,
2010; Witnauer and Miller, 2011; Holmes et al., 2013,2014; Lay et
al., 2018; Leidl et al., 2018).

The formation of first- and second-order conditioned fears
requires neuronal activity and NMDA receptor activation in the
basolateral amygdala complex (BLA) (Gewirtz and Davis, 1997;
Parkes and Westbrook, 2010; Holmes et al., 2013). However, the
molecular processes that consolidate these fears within the BLA
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differ in key respects. Consolidation of both types of fear requires
CaMKII signaling, gene expression, and DNA methylation
(Miller et al., 2002; Monsey et al., 2011). In contrast, consolida-
tion of first-order fear additionally requires ERK/MAPK and
PKA/PKC signaling, as well as protein synthesis (Schafe et al.,
1999), whereas consolidation of second-order fear occurs inde-
pendently of these forms of kinase signaling, and does not require
protein synthesis in the BLA (Lay et al., 2018).

The differential protein synthesis requirement for consolidat-
ing first- and second-order fears is not due to the presence of
shock in first-order conditioning and its absence in second-order
conditioning (Leidl et al., 2018). This was confirmed using a
conditioning protocol in which rats were exposed to S1-shock
pairings in Stage 1, and then to the sequence S2-S1-shock (serial-
order conditioning) in Stage 2: that is, S2 was paired with S1 as in
second-order conditioning, but S1 continued to be paired with
shock as in first-order conditioning. Like the fear that accrues to
S2 in a standard second-order conditioning protocol, consolida-
tion of fear to S2 in this modified protocol was unaffected by a
BLA infusion of the protein synthesis inhibitor cycloheximide
immediately following the S2-S1-shock conditioning session. In
contrast, the same infusion disrupted consolidation of fear to S2
when S1-shock pairings had been omitted in Stage 1 (i.e., rats just
received a session of S2-S1-shock conditioning), showing that, in
the group of interest, some aspect of the prior S1 training had
rendered consolidation of S2 fear independent of protein synthe-
sis in the BLA.

The present series of experiments used the serial-order condi-
tioning protocol described above to identify how the prior
training of S1 affects the protein synthesis requirement for con-
solidation of fear to S2. In each experiment, rats received a con-
ditioning session in which they were exposed to S2-S1-shock
sequences. This session was followed immediately by a BLA infu-
sion of the protein synthesis inhibitor cycloheximide (apart from
Experiment 2b where the DNA methyltransferase [DNMT] in-
hibitor, 5-AZA was infused into the BLA). Rats were subse-
quently tested for the levels of freezing elicited by S2 (and S1). The
experiments differed in the pretraining of S1: it was not pre-
trained in Experiment 1; pretrained as a signal for shock in Ex-
periments 2a, 2b, and 3; pretrained in an explicitly unpaired
relation to shock in Experiment 4; and pretrained as a signal for
sucrose in Experiment 5. The question of interest was whether
consolidation of S2 would be immune to the BLA cycloheximide
infusion when any pretrained S1 was present across the S2-S1-
shock sequences, or whether this immunity would only be evi-
dent when S1 had been previously paired with shock.

Materials and Methods

Subjects

Subjects were 166 experimentally naive, male adult Sprague Dawley rats,
obtained from a commercial supplier (Animal Resources Centre). Rats
were housed in plastic tubs (22 cm high X 67 cm long X 40 cm wide),
with 8 rats per tub. The tubs were located in a colony room maintained at
20°C-22°, with lights on between 7 A.M. and 7 P.M. Rats were handled
each day for at least 5 d before behavioral procedures began. Food and
water were continuously available in the tubs, unless specified otherwise.

Apparatus

All procedures were conducted in four identical chambers (30 cm wide X
26 cm high X 30 cm deep), each located in sound-attenuating wooden
cabinets. The rear and front walls of the chambers were made of Plexiglas,
and the side walls and ceiling were made of aluminum. The floor was
made of stainless-steel rods (7 mm in diameter, spaced 1.8 mm apart),
through which shock could be delivered via a custom-built generator
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located in another room in the laboratory. Incandescent light bulbs lo-
cated on the wall of the cabinet were used to deliver a visual stimulus
(flashing at a rate of 3.5 Hz, ~8 lux at the center of the chamber), and a
speaker located on the back wall of the chamber was used to deliver an
auditory stimulus (a square-wave tone; 620 Hz, ~65 dB, against a back-
ground noise of ~45 dB). An infrared light inside the chamber allowed
each rat to be recorded via a camera mounted on the wall of the cabinet,
with every session recorded to a DVD located in another room. MATLAB
software (The MathWorks) was used to program stimuli and foot shocks.

Stimuli

Each experiment used the auditory and visual stimuli, counterbalanced
in their roles as S1 and S2, such that the auditory stimulus was S1 and the
visual stimulus was S2 for half of the subjects in each experiment, whereas
the visual stimulus was S1 and the auditory stimulus was S2 for the
remainder. The unconditioned stimulus (US) was a 0.8 mA, 0.5 s foot
shock.

Experimental design, scoring, and statistical analysis

Most of the experiments used single-factor designs with two independent
groups. The exceptions were Experiments 2a and 5, both of which used
2 X 2 factorial designs. Experiment 2a included the factors of infusion
(administered immediately before or after serial-order training) and
drug (vehicle or cycloheximide). However, rats that received infusions of
vehicle before or after serial-order conditioning did not significantly
differ from each other, and thus were combined into a single Group
Vehicle, resulting in a single factor design with three groups: Group
Vehicle, Group Pre-CHX, and Group Post-CHX. Experiment 5 included
the factors of water access (restricted or not restricted following serial-
order training) and drug (vehicle or cycloheximide). However, groups
that were or were not water restricted following serial-order conditioning
did not differ significantly, and thus the two vehicle groups were com-
bined into a single Group Vehicle, and the two drug groups were com-
bined into a single Group CHX, resulting in a single-factor design with
two groups. The designs used, and results obtained, in each experiment
are summarized in Table 2.

Freezing, defined as the absence of all movement except that required
for breathing (Fanselow, 1980), was the measure of conditioned fear. A
time sampling procedure was used in which each rat was scored as either
freezing or not freezing every 2 s. A percentage freezing score was then
calculated based on the proportion of the total observations during
which each rat froze. All test data were scored by the experimenter who
was blind to the group allocation of a given rat and cross-scored by an
experienced observer who was additionally blind to the purposes of the
experiment. The Pearson product moment correlation was calculated to
assess the reliability between the scores of the two observers. This corre-
lation was >0.9 in all of the experiments. Any discrepancies between the
scores were resolved in favor of those by the naive observer.

The principal behavioral data for all experiments were acquisition of
freezing to S2 and S1 during training, and the freezing elicited by S2 and
S1 at test. Data for S1 and S2 were analyzed separately. Training and test
data were analyzed using a contrast testing procedure, involving sets of
orthogonal contrasts with a between-subject factor of group and a
within-subject factor of trial. The criterion for rejection of the null hy-
pothesis (a) was set at 0.05. For all significant differences, 95% CIs were
calculated, and effect sizes were computed using Cohen’s d for contrasts
(0.8 is considered a large effect size).

Experiment 1
The surgical, infusion, and histological procedures described below were
used in all subsequent experiments, unless indicated otherwise.

Surgery. All rats were surgically implanted with bilateral cannulas tar-
geting the BLA. Rats were injected intraperitoneally with a combination
of 1.3 ml/kg of the anesthetic ketamine, at a concentration of 100 mg/ml
(Ketapex; Apex Laboratories), and 0.3 ml/kg of the muscle relaxant,
xylazine, at a concentration of 20 mg/ml (Rompun; Bayer). Rats also
received a preoperative subcutaneous injection of the nonsteroidal anti-
inflammatory, Carprofen (Rymadil; Cenvet Australia) (volume = 1 ml/
kg; concentration = 5 mg/ml). An anesthetized rat was then placed into
a stereotaxic apparatus and two 26-gauge guide cannulas implanted into
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the brain through two holes drilled in the skull. The tips of the guide
cannulas were aimed at the BLA in each hemisphere (2.4 mm posterior to
bregma, 4.9 mm lateral to the midline, and 8.2 mm ventral to bregma).
The guide cannulas were secured in position with dental cement and four
jeweler’s screws. A dummy cannula was kept in each guide at all times,
except during infusions. Immediately after surgery, rats were injected
intraperitoneally with a prophylactic dose (0.4 ml) of the antibiotic Bena-
cilin and placed on a heating mat until they had recovered from the
effects of the anesthetic. They were then returned to their home tubs. Rats
were given a minimum of 7 d to recover from surgery, during which time
they were handled and weighed daily. Figure 1 shows the most ventral
point of cannulas within the BLA of all subjects that were included in the
present study.

Drug infusion. Cycloheximide is the most common drug used to block
protein synthesis (Schneider-Poetsch et al., 2010). Its infusion into the
BLA after a first-order conditioning session disrupts consolidation of the
fear produced by pairings of a neutral stimulus: the conditioned stimulus
(CS) and the aversive shock (the US) (e.g., Duvarci et al., 2005). Cyclo-
heximide (Sigma-Aldrich) was dissolved in 70% ethanol to yield a stock
solution with 200 ug/ul concentration. This was then diluted 1:4 with
ACSF (Sigma Aldrich) to a final concentration of 40 ng/ul (Duvarci et
al., 2005). Vehicle was made by diluting 70% ethanol 1:4 with ACSF. Rats
received bilateral intra-BLA infusions of cycloheximide or vehicle (0.5 ul
per hemisphere). The infusion procedure began by removing dummy
caps from the two guide cannulas and inserting 33-gauge internal can-
nulas. The two internal cannulas were each connected to separate 25 ul
Hamilton syringes. Drug or vehicle was infused bilaterally into the BLA
through the internal cannulas at a rate of 0.25 pl/min by an infusion
pump (Harvard Apparatus). Following infusion, the internal cannulas
were left in place for an additional 2 min to allow for diffusion of the drug
away from the tips of the cannulas

Histology. Following behavioral testing, rats were killed with an intra-
peritoneal injection of a lethal dose of sodium pentobarbital, decapitated,
their brains rapidly removed and frozen. Brains were sliced on a cryostat
into coronal sections of 40 um thickness. Every second section through
the BLA was mounted on a glass microscope slide and then stained with
cresyl violet. Slides were observed under a microscope to confirm the
location of cannulas using the brain atlas of Paxinos and Watson (1997).
Rats with inaccurate cannula placements (one or both cannulas posi-
tioned outside the boundaries of the BLA) or with extensive damage to
the BLA were excluded from the statistical analysis.

Behavioral procedures. Figure 2 shows a schematic diagram of the be-
havioral procedures used in Experiment 1.

Context preexposure. There were two daily sessions of context preex-
posure, each lasting 20 min, with one in the morning and the other in the
afternoon. This was done to familiarize the rats with the chambers, min-
imizing any neophobic reactions.

Serial-order conditioning. Rats received four presentations of the se-
quence S2-S1-shock (serial-order conditioning) on day 3. The durations
of S2 and S1 were those used in previous studies of second-order (Lay et
al., 2018) and serial-order (Leidl et al., 2018) conditioning. Offset of the
30 s S2 co-occurred with onset of the 10 s S1, which coterminated in foot
shock. The first S2-S1-shock sequence occurred 5 min after placement in
the context, and the duration of the interval between the sequences (in-
tertrial interval [ITI]) was 5 min. All rats remained in the context for 1
min following the final S2-S1 shock sequence. They were then removed
and administered an intra-BLA infusion of cycloheximide or vehicle.

Context extinction. Rats were exposed for 40 min to the context in the absence
of any scheduled events on day 4, and again for 10 min on the morning of
day 5. This was done to extinguish any freezing elicited by the context and
thereby to more clearly reveal freezing elicited by S2 and S1.

Test. Rats were tested for freezing to S2 and S1 on days 5 and 6, with the
order of testing counterbalanced. Rats were placed into the conditioning
context and, after a 2 min adaptation period, exposed to S2 or S1. Each
test session consisted of eight S2 or S1 presentations (ITI = 3 min).
Across the test sessions, the durations of S2 and S1 remained 30 and 10's,
respectively. On day 7, rats underwent an additional test in which S2 and
S1 were presented as a serial compound (i.e., S2-S1) in the absence of the
shock US. This was done to assess whether matching the conditions of
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Figure1.  Cannula placements as verified on Nissl-stained sections. Black dots represent the
most ventral point of the cannula track for each rat on coronal sections based on the atlas of
Paxinos and Watson (2007).

testing to those of training rescued test levels of freezing to S2 and S1
among rats that had previously demonstrated memory deficits on days 5
and 6. As with the previous tests, rats were placed into the conditioning
context and, after a 2 min adaptation period, exposed to eight S2-S1
sequences (ITI = 3 min).

Experiment 2a
Behavioral procedures. Training and test protocols only differed from
Experiment 1 in that all rats additionally underwent first-order condi-
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In the absence of prior training, consolidation of fear to S2 and S1 requires de novo protein synthesis in the BLA. a, Experimental timeline of serial-order conditioning and tests for fear

to S2and S1for rats treated with vehicle (n = 10) and cycloheximide (n = 13). Percentage freezing to S2 and S1 during (b) counterbalanced tests for fear to each cue individually on days 5 and 6
and (c) serial-compound test presentations on day 7. Open squares represent drug-treated rats. Filled squares represent vehicle-treated rats. Data are mean = SEM.

tioning of S1 on day 3, followed by two sessions of context extinction on
day 4. Figure 3 shows a schematic diagram of the behavioral procedures
used in Experiment 2a.

First-order conditioning. Rats received four pairings of S1-shock on day
3. Offset of the 10 s SI coterminated in foot shock. The first S1-shock
pairing occurred 5 min after placement in the context, the ITI between
pairings was 5 min, and rats remained in the context for 1 min following
the final pairing.

Context extinction. The sessions of context extinction on day 4 and the
morning of day 5 were performed in the manner described previously.
This was done to eliminate any context-elicited freezing, thus permitting
a clearer assessment of freezing to S2 and S1 across the serial-order con-
ditioning on the afternoon of day 5.

Serial-order conditioning and testing protocols were identical to those
described. Briefly, rats underwent serial-order conditioning on day 5,
context extinction on day 6 and the morning of day 7, followed by coun-
terbalanced tests for freezing to S2 and S1 on the afternoons of days 7 and
8. On day 5, rats received intra-BLA infusions of cycloheximide or vehi-
cle. Those in Group Pre-CHX received infusions of cycloheximide im-
mediately before, whereas rats in Group Post-CHX received infusions of
cycloheximide immediately after the serial order conditioning session.
Half of the rats in Group Vehicle received infusions of vehicle before and
the remainder after the serial-order conditioning session. As these
vehicle-treated rats displayed equivalent levels of freezing during serial-
order conditioning and across the subsequent tests for freezing to S2 and
S1, they were combined into one composite Group Vehicle control.

Extinction of S2 and its reconditioning and testing as a first-order CS.
Test data indicated that infusions of cycloheximide into the BLA after the
serial-order conditioning session failed to disrupt consolidation of S2
and S1. Therefore, additional training and testing were conducted to
confirm the efficacy of the BLA infusion of cycloheximide. This consisted
of extinction of freezing to S2 on days 8 and 9. Two sessions of S2 extinc-
tion were conducted to ensure that this stimulus had ceased to elicit
freezing before its retraining in the next stage of the experiment. Each
extinction session consisted of eight S2 alone presentations. The first
presentation occurred 2 min after placement in the context, and the

duration of the ITT was 3 min. Freezing to S2 was extinguished so that it
could be retrained as a first-order CS via its pairings with shock. Rats
received four S2-shock pairings on day 11. The first S2-shock pairing
occurred 5 min after placement in the context, and the ITI was 5 min.
Each 30 s presentation of S2 coterminated in the onset of foot shock. Rats
received intra-BLA infusions either immediately before or after S2-shock
training. Rats were reassigned to groups such that rats administered the
drug before the serial-order session now received the drug after the first-
order session, and rats administered the drug after the serial session now
received it before the first-order session. Control rats given vehicle before
the serial session were also given vehicle before or after the first-order
session. Rats received a 20 min context extinction on day 12, and a further
10 min context extinction session on the morning of day 13. On the
afternoon of day 13, rats were tested with S2 in the manner described
previously: the first of the eight 30 s S2 presentations occurred 2 min after
placement in the chamber, and the ITT was 3 min.

Experiment 2b

Behavioral procedures. Training and testing protocols were identical to
those in Experiment 2a. This experiment differed only in the drugs with
which rats were infused following serial-order conditioning. Rats were
infused with either 5-AZA (a demethylation reagent that triggers the
breakdown of methyltransferase enzymes on DNA) dissolved in DMSO
at 2 ug/ul, which was then mixed with ACSF at a ratio of 1:1, or vehicle
consisting of DMSO and ACSF at a ratio of 1:1 (Maddox et al., 2014; Lay
et al,, 2018). Figure 4 shows a schematic diagram of the behavioral pro-
cedures used in Experiment 2b.

Experiment 3
Behavioral procedures. Training and testing protocols were identical to
those in Experiment 2a, except that, after first-order conditioning of S1
on day 3, all rats underwent extinction of S1. Figure 5 shows a schematic
diagram of the behavioral procedures used in Experiment 3.

Extinction of S1 before serial-order conditioning. Rats received six ses-
sions of S1 extinction across days 4—6, with two extinction sessions per
day (morning and afternoon). Each extinction session consisted of 16
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Figure4. When rats have already undergone S1-shock training, BLA infusions of 5-AZA administered immediately after serial-order conditioning disrupt consolidation of fear to S2 but have no
effect on fear to the already-conditioned S1. a, Experimental timeline of fear conditioning and tests for fear to S2 and S1 for rats infused with vehicle (n = 15) or 5-AZA (n = 14) immediately after
serial-order conditioning. b, Percentage freezing during counterbalanced tests for fear to S2 and S1on days 7 and 8. Closed squares represent rats treated with vehicle. Open squares represent rats
treated with 5-AZA. Data are mean = SEM.

nonreinforced presentations of S1 (ITI = 2 min), with the first S1 pre-
sentation occurring 2 min after placement in the context. All rats re-
mained in the context for 1 min following the final presentation of S1.
Subsequent behavioral protocols were as previously described.
Briefly, rats underwent serial-order conditioning on day 7 followed

immediately by infusions of cycloheximide or vehicle. There were two
sessions of context extinction on day 8, one in the morning and the
other in the afternoon, a further brief context extinction on the morn-
ing of day 9, and counterbalanced tests for freezing to S2 and S1 on
days 9 and 10.
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Experiment 4

Behavioral procedures. Training and testing protocols were identical to
those of Experiment 2a, except that on day 3 all rats received explicitly
unpaired presentations of S1 and shock. Figure 6 shows a schematic
diagram of the behavioral procedures used in Experiment 4.

Unpaired presentations of S1 and foot shock. Rats received four ex-
plicitly unpaired presentations of S1 and the foot shock on day 3 such
that S1 was presented four times at the beginning of the session,
spaced 2 min apart, with the first presentation occurring 5 min into
the session. The first foot shock occurred 5 min after the offset of the
final S1 presentation, followed by the remaining three foot shocks
spaced 2 min apart. All rats remained in the context for 1 min follow-
ing the fourth shock.

Subsequent behavioral protocols were the same as those described in Ex-
periment 2a. Briefly, rats underwent two sessions of context extinction on
day 4, serial-order conditioning on day 5, a context extinction session on the
morning and afternoon of day 6, a further brief context extinction session on
the morning on day 7, and counterbalanced tests for freezing to S2 and S1 on
days 7 and 8. Immediately after the serial-order conditioning on day 5, rats
received intra-BLA infusions of cycloheximide or vehicle.

Experiment 5
Behavioral procedures. Figure 7 shows a schematic diagram of the behav-
ioral procedures used in Experiment 5.

S1-sucrose training. All rats received appetitive conditioning across days
1-8. Each of the daily sessions consisted of four S1-sucrose pairings with an
ITT of 5 min. Each presentation of the 10 s S1 coterminated in delivery of a
20% sucrose solution into the magazine via a rubber tube connected to an
osmotic pump located on top of the chamber. All rats were restricted to 2 h

of water access per day during this stage of training to facilitate appetitive
conditioning. Water access was provided ~1 h after each conditioning ses-
sion. Following the final session on day 8, half of the rats remained water
restricted for the duration of the experiment in order that the subsequent
serial-order conditioning and testing were conducted under the fluid restric-
tion schedule that had been present during the appetitive conditioning. The
other half of the rats received continuous access to water in their home
cages in order that the subsequent serial-order conditioning and test-
ing were conducted under the conditions (continuous access to wa-
ter) present in the other experiments.

Serial-order conditioning. On day 9, rats received serial-order fear con-
ditioning in the manner described previously. This was followed by a
BLA infusion of cycloheximide or vehicle. There were thus four groups
(fluid restricted or not across serial order conditioning and testing X
infusion of cycloheximide or vehicle). However, there were no significant
differences between the two vehicle groups or the two drug groups.
Therefore, the two vehicle groups were combined to form a composite
Group Vehicle, and the two drug groups were combined to form a com-
posite Group CHX. Subsequent behavioral protocols were the same as
the previous experiments. Briefly, rats underwent a context extinction on
the morning and afternoon of day 6, a further brief context extinction
session on the morning on day 7, and counterbalanced tests for freezing
to S2 and S1 on days 7 and 8.

Results

Experiment 1

This experiment examined whether, in the absence of any prior
training, consolidation of the fears produced by exposing rats to
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Figure 7.

When pretraining consists of appetitive S1-sucrose pairings, consolidation of fear to S2 requires de novo protein synthesis in the BLA. a, Experimental timeline of the stages of training

and tests for fear to S2 for rats treated with vehicle (n = 17) and cycloheximide (n = 17). b, Percentage freezing during tests for fear to S2 on days 11 and 12. Closed squares represent rats treated

with vehicle. Open squares represent rats treated with cycloheximide. Data are mean = SEM.

Table 1. Mean (= SEM) levels of performance to S1and S2 during their first two (left columns) and final two (right columns) presentations in each stage of training across

all experiments”

Experiment Groups Stage 1 Stage 2
S2 S1
1 Vehicle — 5) 88 (4) 29 (5 83(7)
CHX 7 69 (8) 21(8) 69 (9)
S1 S2 S1
2a Vehicle 14(7) 60 (12) 29 (6) 73(9) 52(13) 63 (16)
Pre-CHX 9(3) 64 (11) 43 (6) 75(9) 51(11) 50 (14)
Post-CHX 21(7) 73 (13) 33(12) 53(13) 49 (12 44 (16)
S1 S2 S1
2b Vehicle 24 (5) 83 (6 57 (8) 82(7) 64 (9) 62 (1
5-AZA 20 (5) 7109) 48 (5) 76 (7) 55(9) 58(1
Stage 1 Stage 2 Stage 3
S1 S1 S2 S1
3 Vehicle 18 (4) 71(8) (3) 38(7) 76 (6 55(7) 73 (8)
CHX 23 (6) 72 (10) 3) 45 (6) 78 (8) 49 (10) 69 (12)
Stage 1 Stage 2
S1 S2 S1
4 Vehicle 7(5) 12 (6) 41(10) 65 (10) 42 (8 73 (8)
CHX 3(2) 8 (6 26 (7) 55(9) 32(8 67 (9)
S1 S2 S1
5 Vehicle 9(2) 19(3) 18 (5) 59(7) 11(4) 59(9)
CHX 9(2) 18(2) 13 (4) 68 (8) 9(4) 56 (9)

“The only exception s Stage 2 of Experiment 3, where the data reflect average performance to S1throughoutits eight presentations during the final extinction session on day 6. All values correspond to mean levels of freezing, except for Stage
1 of Experiment 5, in which the measure of learning and memory for the S1-sucrose association was rats’ rate of magazine entries per minute.

serial-order, S2-S1-shock conditioning requires de novo protein
synthesis in the BLA. Immediately after serial-order condition-
ing, one group received a BLA infusion of cycloheximide (Group
CHX) whereas the other received a BLA infusion of vehicle only
(Group Vehicle). Both groups were then tested for fear (freezing)
to S2 and S1, and subsequently to serial presentations of the S2-S1
compound (for a schematic, see Fig. 2a).

Table 1 shows mean levels of performance to S1 and S2 aver-
aged across their two final presentations in each stage of training
in this and all subsequent experiments. The levels of freezing to S2
and S1 increased linearly across the conditioning trials (main
effect of trials for freezing to S2, F; ,,, = 86.5, p < 0.001; and S1,
F(151y = 58.1, p < 0.001), and there were no significant between-

group differences in freezing to S2 or S1 (F values < 2.1, Fc = 4.3,
p >0.16) or trial X group interactions (F values < 2.4, p > 0.13).

Figure 2b shows the test levels of freezing to S2 (left) and S1
(right) averaged across blocks of two trials. The statistical analy-
ses confirmed what is clear from inspection of the figure: rats in
Group CHX froze significantly less than those in Group Vehicle
toboth $2 (F(, ;) = 12.8,p < 0.01,d = 1.4,95% CI = 11.8,44.7)
and S1 (F, ;) = 8.3,p < 0.01,d = 1.2,95% CI = 7.4, 45.8). The
main effects of trials and trial X group interactions were not
significant (F values < 3.8, Fc = 4.3, p > 0.06).

S2 and S1 were presented in a serial compound during train-
ing but individually at test. To assess the possibility that the rats in
Group CHX might demonstrate intact memory when the condi-
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tions of testing were more closely matched to those of condition-
ing, all rats received an additional test session on day 7 in which
they were exposed to serial S2-S1 presentations in the absence of
the shock US. Figure 2¢ shows levels of freezing to S2 (left) and S1
(right) during this test session. The statistical analysis confirmed
what is evident from inspection of the figure: rats in Group CHX
froze at significantly lower levels than Group Vehicle to both S2
(Fon = 17.9,p < 0.01,d = 1.8,95% CI = 11.9, 34.8) and S1
(Fion = 9.9, p < 0.01,d = 1.3,95% CI = 7.4, 45.8). The main
effects of trials and trial X group interactions were not significant
(F values < 1.3, Fc = 4.3, p > 0.26), indicating that the two
groups froze at consistently different levels across the serial-
compound presentations, and that their levels of freezing did
not significantly decline across the test session. Together,
these data indicate that post-training infusions of cyclohexi-
mide disrupted consolidation of fear to both S2 and S1, and
that this disruption was not due to the cues being conditioned
in the serial-compound but tested individually.

There were no statistically significant group differences in lev-
els of freezing during baseline (first 2 min) at the beginning of any
training or test session in this experiment, and in all subsequent
experiments (all p > 0.08). Therefore, baseline levels of freezing
in the subsequent experiments will be indicated in each of the
figures but will not be further discussed.

Experiment 2a

This experiment sought to replicate and extend the finding re-
ported by Leidl et al. (2018) that the presence of an already-fear-
conditioned S1 in the S2-S1-shock protocol alters the protein
synthesis requirement for consolidation of fear to S2. Four
groups of rats were exposed to S1-shock pairings in Stage 1, S2-
S1-shock sequences (serial-order conditioning) in Stage 2, and
were then tested for fear to S2 and S1 in Stage 3. The groups
differed with respect to the timing and identity of the BLA infu-
sions that they received in Stage 2: one group received a BLA
infusion of cycloheximide before the serial-order session,
whereas a second received this infusion after that session. The
remaining two groups received a BLA infusion of vehicle either
before or after the serial-order session (for a schematic, see Fig.
3a). Experiment 1 showed that a post-training infusion of cyclo-
heximide into the BLA disrupted consolidation of fear to both S1
and S2. In contrast, we expected that the presence of the fear-
conditioned S1 would render S2 immune to the disruptive effect
of a cycloheximide infusion into the BLA and, likewise, that the
already-conditioned S1 would be unaffected by the BLA infusion
of cycloheximide.

The rats infused with vehicle either before or after serial-order
conditioning exhibited equivalent levels of performance during
all training and test sessions (data not shown). Therefore, they
were combined into a single composite control group, and the
results are described with respect to three groups: those that re-
ceived BLA infusions of vehicle (Group Vehicle), cycloheximide
before Stage 2 (Group Pre-CHX), and cycloheximide after Stage 2
(Group Post-CHX). Importantly, the statistical analysis pro-
duced the same results when the data were analyzed asa 2 X 2
factorial design (with factors of infusion time [immediately pre-
serial order or post-serial order] and infusion type [vehicle or
cycloheximide]), or as the three groups just described. Thus, the
decision to combine the control rats into a single Group Vehicle
did not affect the results.

Rats in all three groups acquired freezing to S1 at equivalent
rates across its pairings with shock in Stage 1 (Table 1). There was
asignificant main effect of trials (F; ,5, = 90.3, p < 0.001), but no
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main effect of group or trial X group interaction (F values < 1.6,
Fc=4.3,p>0.21). All rats also acquired freezing to S2 at equiv-
alent rates in Stage 2 while maintaining similar levels of freezing
to S1. There was a significant main effect of trials (F, ,5, = 68.8,
p < 0.001), but no significant main effect of group, or trial X
group interaction (all F values < 3.5, Fc = 4.3, p > 0.07) for
freezing to S2, nor any significant main effects of group, trials,
or trial X group interaction (F values < 1.5, p > 0.23) for
freezing to S1.

Figure 3b, ¢ shows test levels of freezing to S2 and S1. In con-
trast to the results of the previous experiment, it is clear that the
BLA infusion of cycloheximide failed to disrupt consolidation of
fear to S2 or S1, regardless of whether it was administered before
or after the serial-order conditioning session. The statistical anal-
ysis confirmed that there were no significant differences in the
levels of freezing elicited by S2 in the control and drug groups,
nor between the drug groups; and there were no significant
trial X group interactions (F values < 1). Likewise, there were no
significant differences in freezing to S1 between the control and
drug groups, nor between the two drug groups (F values < 1.7,
Fc = 4.3, p > 0.20); and there were no significant trial X group
interactions (F < 1). Finally, there were no significant linear
trends across test presentations of S2 or S1 (F values < 2.7, p >
0.11), indicating that the levels of freezing did not decline across
the presentations.

To exclude the possibility that the failure to detect effects
on consolidation was due to the ineffectiveness of the drug, we
sought to replicate, within these same animals, the well-
established effect of BLA cycloheximide infusions on consoli-
dation of first-order conditioned fear. Therefore, S2 was
extinguished on days 9 and 10 and then reconditioned as a first-
order CS across four S2-shock pairings on day 11 (for a sche-
matic, see Fig. 3a). This was followed by context extinction on day
12, a further brief context extinction session on the morning of
day 13, and a test for fear to S2 in the afternoon of day 13. To
reduce the possibility that rats’ prior training/infusion history
could affect their reconditioning, for this portion of the experi-
ment, we reassigned rats to new conditions in such a way that no
individual rat was in the same experimental condition as before:
that is, rats in any one condition from the first part of this exper-
iment (serial-order conditioning) were distributed equally across
the other two conditions in the second part (reconditioning).

Extinction of S2 on days 9 and 10 was successful as was recon-
ditioning of S2 across its pairings with shock on day 11 (Table 1).
All three groups reacquired freezing to S2 as a first-order CS at
similar rates: there was a significant main effect of trials (F, .3 =
36.3, p < 0.001), but no significant differences between the con-
trol and drug groups, nor between the two drug groups, and no
significant trial X group interactions (F values < 3.5, Fc = 4.3,
p > 0.07). Figure 3d shows test levels of freezing to S2 as a first-
order CS. The analysis confirmed what is clear from inspection of
the figure: rats in Group Vehicle froze significantly more across
test presentations of S2 than rats in Groups Pre-CHX and Post-
CHX (F(, 53 = 10.4,p < 0.01,d = 1.2,95% CI = 10.2,46.7); and
rats in Groups Pre-CHX and Post-CHX froze at similarly low
levels (F values < 1). Thus, the failure of intra-BLA cyclohexi-
mide infusions to disrupt consolidation of fear to S2 or of the
already-conditioned S1 in the serial protocol was not due to in-
effectiveness of the drug.

Experiment 2b
Lay et al. (2018) reported that consolidation of the second-order
fear produced by pairings of a novel S2 and an already-



Williams-Spooner et al. @ Consolidation of Higher-Order Fear in the BLA

conditioned S1 requires DNA methylation but not protein syn-
thesis in the BLA. The previous experiment showed that protein
synthesis in the BLA is also not required for consolidation of the
fear that accrues to S2 in the modified second-order conditioning
protocol (S1-shockin Stage 1, S2-S1-shock in Stage 2). Therefore,
the present experiment examined whether DNA methylation in
the BLA is required to consolidate fear of S2 in this protocol.
Specifically, it examined whether, relative to a BLA infusion of
vehicle, consolidation of S2 (and of the already-conditioned S1)
was disrupted when the S2-S1-shock session was immediately
followed by a BLA infusion of a drug (5-AZA) that triggers the
breakdown of DNMT enzymes on DNA.

Training and testing procedures were the same as those used
in Experiment 2a (for a schematic, see Fig. 4a). As in all other
experiments, the present experiment tested freezing to S2 and S1
in a counterbalanced fashion. However, in contrast to the other
experiments, in this experiment the levels of freezing declined
substantially between the first and second test sessions (data not
shown). We are unclear why this occurred other than to note that
low levels of freezing in the second of the two tests could be due to
the vehicle used for administration of 5-AZA. In contrast to the
experiments involving cycloheximide, where the vehicle was a 1:4
combination of 70% ethanol and ACSF, the vehicle in the present
experiment was a 1:1 combination of DMSO and ACSF. It is well
established that DMSO, in high concentrations, can be toxic
(Brayton, 1986). Although we were unable to detect any evidence
of toxicity in the histological assessment of the BLA tissue from
this experiment, the DMSO and ACSF vehicle, which was admin-
istered to both the treatment and control groups, may have ex-
erted some effect in the amygdala that served to produce the rapid
decline in freezing from the first to the second test. Given this
decline in freezing, the statistical analyses were restricted to data
from the first test of S1 and S2, thereby allowing a clearer assess-
ment of the effect of 5-AZA on consolidation of the S1 and S2
memories.

First-order conditioning was successful (Table 1). Rats in
both groups acquired freezing to S1 across its pairings with
shock in Stage 1 (F(, ,, = 277.9, p < 0.001), and did so at
equivalent rates, as there was no significant effect of group or
trial X group interactions (F values < 1, Fc = 4.2). Serial-
order conditioning was also successful. All rats acquired freez-
ing to S2 and maintained freezing to S1 across the S2-S1-shock
sequences. The analysis of freezing to S2 revealed a significant
main effect of trials (F, ,,, = 61.3, p < 0.001), but no signif-
icant main effect of group nor any significant trial X group
interaction (F values < 1.2, p > 0.28). The analysis of freezing
to S1 revealed no significant differences between the control
and drug groups, no effect of trials, and no trial X group
interaction (F values < 1).

The statistical analysis confirmed what is clear from inspec-
tion of Figure 4: the BLA infusions of 5-AZA had disrupted con-
solidation of fear to S2 but not to the already-conditioned S1.
There was a significant drug (vehicle vs 5-AZA) X test stimulus
(52 vs S1) interaction (F, ,5) = 11.8, p < 0.01, n[f = 0.32, 95%
CI = 8.9, 35.4), as well as a significant main effect of group for
freezing to S2 (F; 14 = 24.9,p < 0.001, d = 2.5, 95% CI = 24.3,
60.9), but not for freezing to S1 (F < 1, Fc = 4.2). There were no
main effects of trial, nor trial X group interactions, for freezing
elicited by test presentations of S2 or S1 (Fvalues < 3.5, p > 0.07),
suggesting that levels of freezing did not significantly decline
throughout the test sessions.
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Experiment 3

Experiment 2a showed that consolidation of fear to S2 was unaf-
fected by a BLA infusion of cycloheximide when the S2-S1-shock
sequences contained an already-conditioned S1. Experiment 3
examined whether consolidation of this fear is also unaffected
when the conditioned S1 had been extinguished before the S2-
S1-shock sequences. All rats were exposed to S1-shock pairings in
Stage 1, repeated presentations of SI alone in Stage 2, and the
S2-S1-shock sequences in Stage 3. Rats received a BLA infusion of
vehicle or cycloheximide immediately after the S2-S1-shock ses-
sion, and were subsequently tested with S2 and S1 in a counter-
balanced order (for a schematic, see Fig. 5a).

Fear conditioning of S1 was successful (Table 1). There was a
significant effect of trials (F; ,5) = 135.2, p < 0.001), but no main
effect of group nor a trial X group interaction (F values < 1).
Extinction of that fear across the twice-daily sessions on days 4—6
was also successful. The mean levels of freezing during the first
session were as follows: 68% (SEM = 5%) for Group Vehicle, and
65% (SEM = 5%) for Group CHX; mean freezing during the
final session were as follows: 12% (SEM = 3%) for Group Vehi-
cle, and 10% (SEM = 3%) for Group CHX (Table 1). The statis-
tical analysis confirmed that there was a significant main effect of
session (F(, ,3) = 214.7, p < 0.001), but no main effect of group
nor a significant session X group interaction (F values < 1). Rats
in both groups developed freezing to S2 and redeveloped freezing
to S1 across the S2-S1-shock session. There were significant main
effects of trials for S2 (F(, 53, = 107.5, p < 0.001) and S1 (F(, 3, =
16.0, p < 0.01) but no main effects of group nor trial X group
interactions (F values < 1).

Inspection of the test data in Figure 5b suggests that cyclohex-
imide had contrasting effects on consolidation of fear to S2 and
S1:both groups froze at equivalent levels across test presentations
of S2, while Group CHX froze less than Group Vehicle across test
presentations of S1. This was confirmed in the statistical analysis.
There was a significant group X test type interaction [F, 3 =
4.5, p = 0.04, partial  squared ;. = 0.16,95% CI = 0.5,39.8 (1
= (.14 is considered a large effect size)], indicating that the dif-
ferences in levels of freezing to S2 between Groups Vehicle and
CHX were greater than those to S1. Analysis of freezing to S2
revealed a significant linear trend across test presentations (F; ,5
= 25.9, p < 0.001), indicating extinction of freezing responses;
but no main effect of group nor a trial X group interaction (F
values < 1). By contrast, analysis of freezing to S1 revealed that
Group CHX froze significantly less than Group Vehicle (F(, ,3) =
6.1,p =0.02,d =1.0,95% CI = 3.0, 35.1). There was a significant
linear trend in freezing to S1 (F, ,;) = 8.2, p < 0.01), but no
significant trial X group interaction (F < 1), suggesting that both
groups entered the session freezing at different levels and maintained
this difference in freezing across the S1 presentations. These results
show a dissociable effect of intra-BLA cycloheximide infusions on
consolidation of fear to S2 and S1: these infusions impaired consol-
idation of the reacquired fear to S1 but had no detectable effect on
consolidation of the newly acquired fear to S2.

Experiment 4

Consolidation of fear to S2 was disrupted by the BLA infusion of
cycloheximide when S1 had not been pretrained (Experiment 1)
but was unaffected when S1 entered the S2-S1-shock session al-
ready fear-conditioned (Experiment 2a) or fear-conditioned but
extinguished before the S2-S1-shock session (Experiment 3). The
present experiment examined whether any type of SI and/or
shock pretraining rendered S2 immune to the disruptive effect of
cycloheximide. The experiment arranged that rats received the
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same number of S1 and shock presentations (four of each) as in
Experiment 2a, but in an explicitly unpaired fashion (for a sche-
matic, see Fig. 6a). Rats then received the serial-order condition-
ing session, followed immediately by intra-BLA infusions of
cycloheximide or vehicle. Finally, rats were tested for fear of S2
and S1 in the counterbalanced order used previously.

Rats exhibited little or no freezing to S1 when presented alone
in Stage 1, and there were no significant between-group differ-
ences (Fvalues < 1; Table 1). Subsequently, both groups success-
fully developed freezing across the S2-Sl-shock conditioning
session. There was a significant main effect of trials for freezing to
S2 (F(y.27) = 116.1,p < 0.001) and S1 (F,, ,,, = 39.9, p < 0.001),
but no main effects of group, and no trial X group interactions
for levels of freezing to either S2 or S1 (F values < 1.5, Fc = 4.2,
p>0.23).

Figure 6b shows the test levels of freezing to S2 (left) and S1
(right). The statistical analysis confirmed what is clear from in-
spection of the test data: rats in Group CHX froze significantly
less than rats in Group Vehicle across test presentations of both
S2 (F(.07, = 12.8,p < 0.01,d = 1.4,95% CI = 12.4,45.6) and S1
(F(1,27) = 8.6,p<0.01,d = 0.8,95% CI = 8.6,48.5). There was a
significant main effect of S2 trials (F, ,,) = 4.8, p = 0.04), but no
trial X group interaction (F < 1), indicating that freezing de-
clined across the test session, and that these levels of freezing
declined at an equivalent rate in both groups. There was no main
effect of S1 trials (F < 1), but a significant trial X group interac-
tion (F(; 57y = 4.8, p = 0.04), indicating that the levels of freezing
to S1 in Group CHX declined at a significantly faster rate than
levels of freezing in Group Vehicle. These results parallel those
observed in Experiment 1: consolidation of fear to S2 and S1
requires protein synthesis in the BLA when the S2-S1-shock
session is preceded by no training or by unpaired presenta-
tions of S1 and shock, suggesting that consolidation of de novo
fear conditioning of each element of the sequence requires
protein synthesis.

Experiment 5

Consolidation of fear to S2 does not require protein synthesis in
the BLA when S1 has been previously conditioned, including
when it has been extinguished before S2-S1-shock conditioning
(Experiments 2a and 3). The present experiment examined
whether S1 must be fear-conditioned to render consolidation of
S2 independent of protein synthesis in the BLA. It did so by
appetitively conditioning S1, in which rats received S1-sucrose
pairings. They next received the S2-S1-shock conditioning ses-
sion that was followed immediately by BLA infusions of cyclo-
heximide or vehicle. Finally, rats were tested for fear of S2 (for a
schematic, see Fig. 7a). We omitted testing of S1 because a pilot
study revealed low levels of freezing to test presentations of S1 in
rats that were appetitively conditioned with S1, exposed to the
$2-S1-shock session, and tested with S1 (mean = 17%; SEM =
4%). Presumably, the prior appetitive conditioning of S1 inter-
fered with its fear conditioning, or the test of S1 elicited contrast-
ing appetitive and aversive memories that interfered with the
expression of conditioned freezing (indeed, test presentations of
S1 tended to evoke approach responses to the magazine where
sucrose had been previously delivered).

S1-sucrose training was successful: magazine entry rates (in-
dex of appetitive conditioning) were greater during S1 presenta-
tions relative to the baseline period and did not significantly
differ between the two groups (Table 1). This was confirmed by
the statistical analysis of the S1-baseline difference scores: there
was a significant main effect of days (F, 3,y = 52.8, p <0.001) but
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Table 2. Experimental designs used in the present study”

Experiment Prior training Serial order Test

1 Context exposure §2-51-shock (CHX) S2: disrupted
S1: disrupted

2a S1-shock $2-S1-shock (CHX) S2:intact
ST:intact

2b S1-shock §2-S1-shock (5-AZA) S2: disrupted
S1:intact

3 S1-shock; S1 extinction $2-S1-shock (CHX) S2:intact
S1: disrupted

4 S1/shock $2-51-shock (CHX) S2: disrupted
S1: disrupted

5 S1-sucrose §2-S1-shock (CHX) S2: disrupted

“In each experiment, rats received a BLA infusion of vehicle or drug immediately following serial-order conditioning,
except in Experiment 2a, in which rats received a BLA infusion of vehicle or drug either immediately before or after
serial-order conditioning. The drug infused was the protein synthesis inhibitor cycloheximide, except for Experiment
2b, in which the drug infused was the DNA methyltransferase inhibitor 5-AZA. A hyphen (-) indicates a paired
relation between stimuli (e.g., S1-shock), whereas a backslash (/) indicates an unpaired relation (e.g., S1/shock).

no main effect of group nor a day X group interaction (Fvalues <
1). Subsequent to appetitive conditioning of S1, all rats developed
freezing across the S2-S1-shock session. There were main effects
of trials for freezing to S2 (F, 5,y = 154.5, p < 0.001) and S1
(F1.32) = 115.4, p < 0.001) but no effect of groups (F values < 1)
nor trial X group interactions (Fvalues < 2.6, Fc = 4.2,p > 0.11)
for freezing to either S2 or S1.

Figure 7 shows the test levels of freezing to S2. The statistical
analysis confirmed what is clear from inspection of the figure: rats
in Group Vehicle froze significantly more to S2 than rats in
Group CHX (F, 55, = 9.7,p < 0.01,d = 1.2,95% CI = 6.7, 32.0).
There was a main effect of trials for freezing to S2 (F, 5,y = 9.7,
p <0.01,d=1.2,95% CI = 6.7, 32.0), showing that freezing
declined across the test presentations, but no trial X group inter-
action, indicating that levels of freezing to S2 declined at an
equivalent rate in both groups. These results show that the pres-
ence of an appetitively conditioned S1 in the S2-S1-shock se-
quence does not render consolidation of fear to S2 independent
of protein synthesis in the BLA. Rather, the critical requirement
for this independence is the presence of an S1 that had been
fear-conditioned. This result and those reported for the previous
experiments are summarized in Table 2.

Discussion
The present study has shown that the presence of an already-fear-
conditioned stimulus alters the de novo protein synthesis require-
ment for consolidating a new fear memory in the BLA. In each
experiment, rats received a session of serial-order conditioning in
which they were exposed to four S2-S1-shock sequences, fol-
lowed immediately by a BLA infusion of vehicle or the protein
synthesis inhibitor cycloheximide (apart from Experiment 2b, in
which they received a BLA infusion of the DNMT inhibitor
5-AZA). Subsequently, they were tested for the levels of freezing
elicited by S2 and S1. The experiments differed in the type of
training which the rats received before serial-order conditioning.
This training consisted of exposure to the conditioning chamber
in the absence of any scheduled events (Experiment 1), S1-shock
pairings (Experiments 2a and 3), explicitly unpaired presenta-
tions of S1 and shock (Experiment 4), or Sl-sucrose pairings
(Experiment 5).

The BLA infusion of cycloheximide disrupted consolidation
of fear to S2 when serial-order conditioning had been preceded
by exposure to the conditioning context (Experiment 1), un-
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paired presentations of S1 and shock (Experiment 4), and appet-
itive conditioning of S1 via its pairings with sucrose (Experiment
5). In contrast, the BLA infusion of cycloheximide failed to dis-
rupt consolidation of fear to S2 when serial-order conditioning
had been preceded by fear conditioning of S1 via its pairings with
shock (Experiment 2a), even when those pairings were followed
by S1 alone presentations to extinguish the conditioned fear (Ex-
periment 3). The failure to disrupt consolidation of fear to S2 was
not due to an effect of the prior S1-shock pairings on the timing of
the protein synthesis requirement. Experiment 2a found that
consolidation of this fear was unaffected when cycloheximide was
infused into the BLA before the serial-order conditioning session,
thereby precluding the possibility that fear to S2 was consolidated
via proteins synthesized during the conditioning session itself.
Importantly, Experiment 2b showed that consolidation of fear to
S2 required the BLA, as fear to S2 was disrupted when serial-order
conditioning was followed by BLA infusion of the DNMT inhib-
itor 5-AZA. These results indicate that the prior S1-shock pair-
ings changed the role of protein synthesis, but not the role of the
BLA, in consolidating fear to S2. These findings show that, within
the BLA, the substrates required for consolidation of the fear that
accrues to S2 across the S2-S1-shock sequences is regulated by
what has been learned about S1. When S1 was novel, had previ-
ously been presented in an unpaired relation to shock, or had
previously signaled an appetitive US (sucrose), consolidation of
fear to S2 required de novo protein synthesis in the BLA. When S1
had previously signaled the shock US, regardless of whether or
not it currently did so, consolidation of fear to S2 required
changes in DNA methylation but did not require de novo protein
synthesis in the BLA, potentially indicating that patterns of DNA
methylation constitute a more fundamental mnemonic substrate
(Pearce et al., 2017).

While the prior history of S1 determined whether or not con-
solidation of fear to S2 required de novo protein synthesis in the
BLA, protein synthesis was always required to consolidate fear to
S1. Specifically, when serial-order conditioning had been pre-
ceded by no pretraining (Experiment 1) or explicitly unpaired
presentations of S1 and shock (Experiment 4), consolidation of
the fear that accrued to S1 was disrupted by the BLA infusion of
cycloheximide. The BLA infusion of cycloheximide also dis-
rupted consolidation when the serial-order conditioned S2 was
extinguished and retrained as a first-order CS via its pairings with
shock (Experiment 2a), and when S1 had been paired with shock,
extinguished and then reconditioned across the S2-S1-shock se-
quences (Experiment 3). Importantly, in the latter case, the BLA
cycloheximide infusion acted selectively to disrupt consolidation
of reconditioned fear to S1 while sparing consolidation of fear to
S2. These contrasting effects on fear of S2 and S1 show that the
differential protein synthesis requirements for their consolida-
tion are present in a within-subjects design. The only exception
regarding the disruptive effect of cycloheximide on fear to S1 was
in Experiment 2a, where serial-order conditioning was preceded
by S1-shock pairings. In that experiment, the cycloheximide in-
fusion failed to affect the already-consolidated S1-shock associa-
tion. Presumably, the failure to detect any such effect was due to
S1 entering the serial-order conditioning session at asymptote.
Alternatively, the failure may have been due to any of the bound-
ary conditions that constrain the circumstances required for de-
stabilizing and reconsolidating associative memories, such as
the “strength” of the already-established S1-shock association
(Tronson and Taylor, 2007; Wang et al., 2009; Kindt, 2018).

Why does an already-fear-conditioned S1 remove the protein
synthesis requirement for consolidating fear to S22 One possibil-
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ity is that this type of S1 alters what is learned about the S2 in
serial-order conditioning. When S1 was novel, had been previ-
ously trained in an unpaired relation to shock, or had been pre-
viously paired with sucrose, S2 is likely to have associated with the
shock US, as it provided an early signal of the forthcoming shock.
Hence, just as consolidation of the association produced by CS-
shock pairings requires protein synthesis in the BLA, consolida-
tion of the fear that accrues to S2 under the conditions just
described also requires protein synthesis in the BLA. In contrast,
the already-fear-conditioned S1 may have blocked the associa-
tion between S2 and shock while simultaneously permitting
second-order conditioned fear to S2. Previous work in our labo-
ratory has shown that this type of fear does not require de novo
protein synthesis in the BLA for its consolidation (Lay et al.,
2018). One potential issue for that proposal is that consolidation
of fear to S2 remained independent of protein synthesis in the
BLA when S1 had been conditioned and extinguished, thus lim-
iting the opportunity for its second-order fear conditioning.
However, the delivery of shock during serial-order training
would have rapidly reinstated the ability of S1 to elicit fear (Re-
scorla and Heth, 1975), thereby enabling second-order fear con-
ditioning of S2.

Why might the association produced by fear conditioning
(CS-shock or second-order) determine whether or not protein
synthesis is required for its consolidation in the BLA? The BLA is
a critical site of the plasticity that underlies consolidation of a
CS-shock association. For second-order associations, however, it
may be that activity in the BLA (including DNA methylation) is
required to coordinate changes that occur in other regions of the
brain, but is not itself the site of the plasticity that underlies
consolidation. At present, very little is known about the broader
circuitry that regulates second-order conditioned fear, or the fear
that accrues to S2 when it is shocked in compound with an
already-fear-conditioned S1 (presumed to be second-order).
Among the circuitry that is known to regulate first-order fear,
three regions are potential candidate sites for the plasticity that
underlies second-order fear. The first is the prelimbic region of
the mPFC, which is crucial for the expression of conditioned fear
(Burgos-Robles et al., 2009). The second is the central nucleus of
the amygdala, which is involved in CS-shock associations (Wilen-
sky etal., 2006; Han et al., 2015) and which may constitute the site
of associative formation between S2 and the fear responses elic-
ited by the already-conditioned S1 (Balleine and Killcross, 2006).
The third region is the hippocampus, which is involved in assim-
ilating new information (e.g., about the S2) into an existing
memory network (Wang and Morris, 2010). Each of these re-
gions plays a significant role in fear learning via their direct con-
nections with the BLA (Pitkidnen et al., 2000; Herry et al., 2008;
Sah and Westbrook, 2008), and are sites of plasticity and consol-
idation of CS-shock associations, including the need for kinase
signaling and protein synthesis (Wilensky et al., 2006; Gonzalez et
al.,, 2015; Ryan et al., 2015). However, the role of these regions in
consolidating second-order fear, and how any such role relates to
the ongoing requirement for DNA methylation in the BLA to
consolidate fear to S2, remains to be determined.

In conclusion, the present study has shown that the substrates
required for consolidating a new fear memory in the BLA depend
on what has already been learned about other stimuli that are
present. Protein synthesis in the BLA is required to consolidate
fear to a new stimulus (S2) that is shocked in compound with a
partner (S1) that is novel, had been previously trained in an ex-
plicitly unpaired relation to shock, or had been previously paired
with sucrose. Protein synthesis in the BLA is not required to
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consolidate fear to a new stimulus that is shocked in compound
with a partner that has already been fear-conditioned. These find-
ings strongly suggest that the association produced by fear con-
ditioning determines the protein synthesis requirement for its
consolidation in the BLA. The presence of an already-fear-
conditioned stimulus encourages formation of a second-order
fear association, and the BLA may consolidate this type of asso-
ciation by coordinating changes in other components of the neu-
ral fear circuit.
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