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False context fear memory in rats
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Four experiments used rats to study false context fear memories. In Experiment I, rats were pre-exposed to a distinctive
chamber (context A) or to a control environment (context C), shocked after a delay in a second chamber (context B)
and tested either in B or A. Rats pre-exposed to A froze just as much as control rats in B but more than control rats in
A. In Experiment 2, rats were pre-exposed to A or C, subjected to an immediate shock in B and tested in B or A. Rats
pre-exposed to A froze when tested in A but did not freeze when tested in B and control rats did not freeze in either A
or B. The false fear memory to the pre-exposed A was contingent on its similarity with the shocked B. In Experiment 3,
rats pre-exposed to A and subjected to immediate shock in B froze when tested in A but did not freeze when tested in
C and rats pre-exposed to C did not freeze when tested either in A or C. In Experiment 4, rats pre-exposed to A and sub-
jected to immediate shock in B froze more when tested in A than rats whose pre-exposure to A began with an immediate
shock. The results were discussed in terms of a dual systems explanation of context fear conditioning: a hippocampal-de-
pendent process that forms a unitary representation of context and an amygdala-based process which associates this rep-

resentation with shock.

Rats learn to fear a context (a distinctive chamber) in which they
receive brief but aversive footshock. This learning is thought to
involve two distinct systems. The first, hippocampal-dependent
system records the conjunctions among the array of cues (the sur-
faces, texture of the floor, shape, and so on) and combines this
information into a unitized representation of the context (e.g.,
McLaren et al. 1989; Sutherland and Rudy 1989; Fanselow 1990;
O’Reilly and Rudy 2001). The second, amygdala-dependent sys-
tem forms excitatory associations between this unitized represen-
tation of the context and the fear motivational system elicited
by the aversive shock unconditioned stimulus (US). The conse-
quence of these associations is that rats exhibit fear responses
when re-exposed to that now conditioned context (e.g., Davis
1990). The interaction of these two systems explains the relation
between the levels of context conditioned fear responses and
the interval of time between placement in the context and the oc-
currence of shock. These levels are directly related to that interval
(Fanselow 1986; Kiernan and Westbrook 1993). Specifically, rats
shocked a few minutes after placement in the context exhibit
substantial levels of fear responses (e.g., freezing) because they
had sufficient time before the shock to form the unitary represen-
tation required for context fear conditioning. Conversely, rats
shocked at shorter placement-intervals freeze progressively less
as the interval decreases. Indeed, rats shocked immediately on
placement into the context exhibit little or no freezing—they ex-
hibit the so-called immediate shock fear deficit (Fanselow 1980,
1986, 1990, 2010; Kiernan and Westbrook 1993; Kiernan et al.
1995).

The interaction of the contextual learning and fear condi-
tioning systems also explains the facilitatory effect of prior con-
textual learning on context-conditioned fear. Rats subjected to
relatively short placement-shock intervals in a pre-exposed con-
text freeze more when tested in that context than rats shocked
at these intervals in a novel context. Exposure to the pre-exposed
context activates the already formed unitary representation which
enters into the association with shock, resulting in more condi-
tioned freezing than that shown by rats shocked after short
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placement-context intervals in a novel context (Fanselow 1990;
Kiernan and Westbrook 1993). Moreover, pre-exposure not only
facilitates context fear conditioning at relatively short place-
ment-shock intervals but also reduces generalization of this fear
to similar contexts relative to the fear which generalizes when
the shock occurs in a novel context (Kiernan and Westbrook
1993). Pre-exposure reduces generalization because shock condi-
tions fear to the unitary representation formed at pre-exposure.
This representation is not fully excited by exposure to other test
contexts, even similar contexts containing many of the same
elements but lacking the specific conjunctions of the unitary
representation.

The idea that the representation of a pre-exposed context can
associate with an aversive shock US has two major implications.
The first is that it should be possible to condition fear to a context
that has never been shocked, that is, to generate a false fear mem-
ory. The second is that manipulations which disrupt formation of
the context representation in pre-exposure should impair its con-
ditioning. Rudy and O’Reilly (1999) tested the first of these impli-
cations. They pre-exposed rats to either context A or to a control
context, C, shocked both groups of rats a few minutes after expo-
sure to another context, B, and finally tested them in context A or
context B. Control rats pre-exposed to a very different context, C,
discriminated between contexts A and B, freezing much more in
context B than in context A. In contrast, rats pre-exposed to con-
text A did not discriminate between contexts A and B, freezing just
as much in the context which had been shocked, B, as in the
context which had not been shocked but which had been pre-
exposed, A.

The Rudy and O’Reilly (1999) results are consistent with the
idea that exposure to the similar B context caused the rats to recall
the pre-exposed A context whose representation was thus active
when shock occurred, resulting in the formation of associations
between shock and both the absent A context and the present B
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False fear memory

context. Such rats, therefore, had formed a false fear memory:
they were frightened of a context, A, that had been pre-exposed
but had not been shocked. However, these results could have
been due to what was retrieved at test rather than what was
learned at conditioning. Specifically, rats that had formed a uni-
tary representation of the pre-exposed context A may have been
better able to use this representation to retrieve the memory of
the shocked context B, thereby freezing more when tested in the
pre-exposed A context than rats tested in the novel A context.
The present experiments examined false context fear memo-
ries in rats. Experiment 1 confirmed that rats shocked in context B
show more fear when tested in a pre-exposed A context than in a
novel A context (Rudy and O’Reilly 1999). Experiment 2 used an
immediate shock in context B to examine whether the difference
in freezing between rats tested in a pre-exposed or novel A context
was due to the formation of a false fear memory or to better re-
trieval by the pre-exposed rats. Experiment 3 examined whether
testing in a pre-exposed context is sufficient to produce the false
fear memory or whether it is necessary for the pre-exposure and
test context to be similar to the shocked B context. Finally, as
the results of Experiments 2 and 3 suggested that a false fear mem-
ory of the pre-exposed A context formed when rats were shocked
in context B, the final experiment tested the second implication
of the dual process account of false fear memory: specifically,
that disrupting the formation of the context representation at pre-
exposure would impair the formation of the false fear memory.

Results

Experiment I: rats learn to fear an absent context

In Experiment 1, rats were pre-exposed to either a distinctive
chamber (context A) or a control environment (context C) on
Day 1. All rats then received two shocks in a second chamber (con-
text B) on Day 2 (see Materials and methods). Each shock was 0.6
mA in intensity and 0.5 msec in duration; parameters that pro-
duce reliable context conditioned freezing in our laboratory.
Following Rudy and O’Reilly (1999), the first shock occurred 2
min after placement in B and the second shock occurred 2 min af-
ter the first. Rats remained in the context for 30 sec after the sec-
ond shock. Finally, rats were tested for freezing in the absence of
shock on Day 3. Half of the rats in each group were tested in con-
text A (Groups ABA and CBA) and the remainder in context B
(Groups ABA and ABB).

Figure 1 (left panel) shows mean and standard error of the
mean (SEM) levels of freezing in 30-sec bins across conditioning
in context B on Day 2. There were no statistically significant
between-group differences in the levels of freezing across the
conditioning session, F(3 sy = 1.4, P =0.274, and there was no
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Effect of pre-exposure to the similar and control context in a standard conditioning proto-
col on conditioning to an absence context. (A) Mean levels of freezing across 30-sec bins as a function of
experimental condition during conditioning and (B) Mean percent freezing as a function of experimen-
tal condition during test. Error bars indicate standard error of the mean (SEM).
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significant pre-exposure x time interaction, F4204)=1.1, P=
0.397, demonstrating that the levels of freezing across the shocked
exposure to context B did not differ among rats pre-exposed to
context A or context C. Figure 1 (right panel) shows the mean
(SEM) levels of freezing averaged across the 5-min test session in
contexts A and B. Inspection suggests that rats pre-exposed to con-
text C and tested in context A froze less than rats in the remaining
groups whose levels of freezing did not appear to differ. The stat-
istical analysis confirmed these observations. Rats pre-exposed to
context C and tested in context A (Group CBA) froze significantly
less than rats pre-exposed to context A and tested in either context
A or context B (Group ABA and Group ABB, respectively) and
less than rats pre-exposed to context C and tested in context B
(Group CBB), F(y,25) = 13.826, P < 0.001, 95% CI [0.478, 2.558].
There were no statistically significant differences among rats pre-
exposed to context A or context C and tested in context B (Groups
ABB and CBB) or between these groups and rats pre-exposed to
context A and tested in that context (Group ABA), F's < 1.0. These
results replicate those reported previously (Rudy and O’Reilly
1999). Rats pre-exposed to the control context, C, showed more
fear when tested in the shocked B context than in the novel A con-
text. In contrast, rats pre-exposed to context A showed just asmuch
fear when tested in context B as in context A and more fear than
control rats when tested in context A.

Experiment 2: rats learn to fear an absent context

but not the context where shock occurred

As noted previously, rats shocked immediately after placement in
a novel context exhibit little or no fear responses when subse-
quently tested in that context. Experiment 2 used the immediate
shock protocol to assess the consequences for the pre-exposed A
context. If exposure to Bimmediately activates the unitized repre-
sentation of A and thereby allows that representation to enter into
the association with shock, then rats pre-exposed to context A and
subjected to immediate shock in context B should acquire fear of
A but not of B. Rats were pre-exposed to either context A or con-
text C on Day 1. As in the previous experiment, all rats received
two shocks in context B on Day 2. However, in this experiment,
the first shock occurred 5 sec following placement into the con-
text and the second shock occurred 1-sec after the first shock.
Rats were kept in context B for a further 30 sec following the sec-
ond shock. Rats were tested on Day 3. Half of the rats in each group
were tested in context A (Groups ABA and CBA) while the remain-
der were tested in context B (Groups ABB and CBA).

Freezing behavior was negligible in the 30-sec period after
the immediate shock in context B (M = 1.5, SD =0.86) (data
not shown). Figure 2 shows the levels of freezing on test in con-
texts A and B. Inspection shows that rats pre-exposed to the
control context exhibited little freezing
when tested in the novel context A or
in the immediately shocked context
B. Likewise, rats pre-exposed to context
A showed little freezing when tested in
the immediately shocked context, B,
but did freeze when tested in the pre-
exposed context. The statistical analysis
confirmed that there were no significant
differences between the level of freezing
among rats pre-exposed to contexts A or
to C and tested in context B, Groups
ABB and CBB, respectively, F< 1.0.
However, rats pre-exposed to context A
froze significantly more when tested
in context A (Group ABA) than rats
pre-exposed to the control context, C,
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Figure 2. Effect of immediate shock during conditioning on fear to an
absent context. The graph displays freezing behavior during test 24 h
after immediate shock conditioning. Error bars represent standard error
of the mean (SEM).

(Group CBA), Fq 28y = 11.762,F. = 7.2,95% CI [0.380, 3.050]. The
statistical analysis also showed that rats pre-exposed to context A
and tested there (Group ABA) froze significantly more than rats
pre-exposed to contexts A or C and tested in context B (Groups
ABB and CBB), F( 28)=9.3, F. =7.126, 95% CI [0.166, 2.478].
There were no statistically significant differences between the lev-
els of freezing among rats pre-exposed to context C and tested in
context A (Group CBA) and rats pre-exposed to contexts A or C
and tested in context B (Groups ABB and CBB), F < 1.0.

If the differences between the levels of freezing elicited by the
pre-exposed and novel A context in the previous experiment had
been due tobetter retrieval of the conditioned B context by the pre-
exposed A context, then rats pre-exposed to A in the present exper-
iment would have exhibited little or no freezing when tested in A
because B had acquired little or no conditioned fear. In contrast, if
the previous results had been due to context B immediately acti-
vating the unitary representation of A into an association with
shock, then rats pre-exposed to context A in the present experi-
ment would have formed that association and freeze when tested
in that context. Just this outcome was observed: rats pre-exposed
to context A and tested there froze in spite of the fact that they
did not freeze when tested in the immediately shocked B context.

Experiment 3: the formation of the false fear memory
depends on similarity between the pre-exposed and
shocked contexts

The results of the previous experiments were interpreted to mean
that the formation of the false fear memory was mediated by the
similarity between the pre-exposed context, A, and the context, B,
where shock occurred. An implication of this interpretation is
that a false fear memory was not formed to the control context,
C. Pre-exposure to context C would have generated a unitary rep-
resentation but this representation would not have been activated
by exposure to context B because the two contexts differed not
only in the conjunctions characterizing each of the unitary repre-
sentations but also in many of their elements. The present
experiment examined this implication. The design consisted in
pre-exposing rats to either the similar context A or the different
context, C, on Day 1, subjecting all rats to the immediate shock
in context B on Day 2, and finally testing half of the rats in each
group in context A (Groups ABA and CBA) and the remainder in
context C (Groups ABC and CBC) on Day 3. If similarity between
the pre-exposed and shocked contexts mediate the false fear mem-
ory, then rats pre-exposed to context A will freeze when tested
there but not when tested in the different context C; if a false
fear memory is formed to any pre-exposed context, then rats pre-

Www.learnmeonrg

exposed to context C will also freeze when tested in context C but
not when tested in context A.

There was little or no freezing subsequent to the immediate
shock in context B (M =0.98, SD = 3.13). Figure 3 shows the
test levels of freezing in contexts A and C. The statistical analysis
confirmed what is clear from inspection of the figure. Rats pre-
exposed to context A (Group ABA) froze significantly more than
rats in the remaining three groups, CBC, CBA and ABC, F(j 28 =
24.31, P < 0.001, 95% CI [0.973, 3.052]. There was no statistically
significant differences between rats pre-exposed in context C and
tested in context A (Group CBA) and rats tested in context C
(Groups ABC and CBC), or between rats pre-exposed to context
C and tested there (Group CBC) and rats pre-exposed to context
A and tested in context C (Group ABC), F’'s < 1. These results
show that similarity between the pre-exposed and shocked con-
texts is required for the formation of the false fear memory to
the pre-exposed context.

Experiment 4: an immediate shock in the pre-exposure
session impairs formation of a false fear memory

As noted previously, pre-exposure to a context can facilitate the
development of freezing responses when rats are shocked in
that context. However, an immediate shock in each of the
pre-exposure sessions attenuated this facilitatory effect of con-
text pre-exposure on the development of freezing when rats were
subsequently shocked after a delay in that context (Landeira-
Fernandez et al. 2006). This attenuation of the context pre-
exposure facilitatory effect suggests that the immediate shock
had impaired the formation of the unitary representation which
mediates the facilitatory effect of context pre-exposure on context
fear conditioning. Consistent with this suggestion, rats that re-
ceived an immediate shock followed 170 sec later by a second
shock froze less when tested in that context than rats that received
the first shock at 150 sec followed by the second shock at 170 sec,
again suggesting that the immediate shock had impaired the sub-
sequent formation of the unitary representation, and thereby, the
association formed between that representation and the second
shock, resulting in the reduction in context fear conditioning
(Westbrook et al. 1994).

The present experiment examined whether the formation of
the false fear memory to context A is also impaired when the pre-
exposure session begins with an immediate shock. The design
consisted in pre-exposing rats to context A on Day 1, subjecting
them to immediate shock in context B on Day 2, and finally test-
ing all rats in context A on Day 3. There were two differences
among the groups. The first was the duration of pre-exposure to
context A, which was either 2 min for two of the groups and 4
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Figure 3. Effect of similarity between the pre-exposed and shocked

context on fear to an absent context. Mean percent freezing as a function
of experimental condition during test (£ SEM).
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min for the other two groups. The second difference was that the 2
or 4 min pre-exposure in context A began with an immediate
shock for half of the rats in each group (Groups A2 shock and
A4 shock) but there was no shock in the other two groups
(Groups A2 and A4).

One rat in group A2 became sick and was excluded from the
experiment. There was little or no freezing subsequent to the im-
mediate shock in context A or subsequent to the immediate shock
in context B(M =1.2,SD =2.58 and M = 0.47, SD = 1.05, respec-
tively). Figure 4 shows the levels of freezing on test in context
A. The statistical analysis confirmed what is clear from inspection.
First, rats pre-exposed to context A for 4 min (Groups A4 and
A4 shock) froze significantly more than rats pre-exposed for
2 min (Groups A2 and A2 shock), F 27 = 5.6, P < 0.05, 95% CI
[-1.586, —0.110]. This difference in the test levels of freezing in-
dicates that the 4-min pre-exposure had produced a rich represen-
tation of context A and hence one that was better able to associate
with the immediate shock in context B than the sparse representa-
tion produced by the 2-min pre-exposure. Second, rats whose pre-
exposure in context A had begun with immediate shock (Groups
A2 shock and A4 shock) froze significantly less than those that
were pre-exposed to context A in the absence of shock (Groups
A2and A4),F 27 = 5.368,P < 0.05,95%CI[—1.572, —0.095], in-
dicating that the immediate shock had impaired the formation of
the unitary representation across the subsequent 2 and 4 min in
context A. There was no significant interaction, F < 1, indicating
that the disruptive effects of the immediate shock were indepen-
dent of whether the rats remained in that context for 2 or 4 min.

Discussion

The results of these experiments have shown that rats fear a con-
text in which they have never experienced danger, and that this
fear is due to the formation of a false association between this con-
text and danger encountered elsewhere. Rats pre-exposed to one
context, A, and shocked after a delay in a second context, B, exhib-
ited just as much fear (freezing) when tested in the pre-exposed A
context as in the shocked B context. In contrast, control rats
shocked in context B froze just as much as the pre-exposed rats
when subsequently tested in B but froze less than the pre-exposed
rats when tested in the novel context A. This difference between
the levels of freezing in the pre-exposed and novel A contexts
was not due to differential retrieval of the frightening context B
when rats were tested in A. Control rats subjected to an immediate
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Figure 4. Effect of immediate shock in pre-exposure session on subse-
quent false memory formation. Mean percent freezing as a function of ex-
perimental condition during test. All rats received a single exposure
session to similar context (A). Some were exposed for 2 min (Groups
A2: imm and A2) while others for 4 min (Groups A4: imm and A4).
Error bars represent standard error of the mean (SEM).
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shock in context B did not freeze when tested in either the novel
context A or in context B; they showed the immediate shock fear
deficit. Rats pre-exposed to context A and subjected to an imme-
diate shock in context B also exhibited the immediate shock
fear deficit; they did not freeze when tested in that context.
However, in spite of the fact that the immediate shock failed to
condition fear of context B, that shock did condition fear to the
pre-exposed A context. Therefore, fear of the pre-exposed context
A cannot be due to retrieval of the frightening B context because
that context was not frightening.

Moreover, the difference in freezing in the pre-exposed and
novel A contexts was not due to testing rats in a pre-exposed con-
text per se: the difference was contingent on similarity between
the pre-exposed and shocked contexts. In each of the present ex-
periments, contexts A and B were similar to each other in their
size, shape, surfaces, and floor, while both of these contexts were
different from context C in these various features (see Apparatus
for description of contexts). Rats pre-exposed to context C and
subjected to immediate shock in context B did not freeze when
subsequently tested in context C or the novel context A, whereas
rats pre-exposed to context A froze when tested in that context but
did not freeze when tested in context C. Together with the previ-
ous results, this finding implies that fear of the pre-exposed A con-
text was not due to any interaction between the conditions of
pre-exposure and testing; rather, fear of the pre-exposed A context
was acquired when rats were subjected to the immediate shock in
context B. Specifically, overlap among the features of the A and B
contexts meant that the unitary representation of context A was
activated during the shocked exposure to context B, and hence,
entered into an association with the immediate or the delayed
shock in context B. In contrast, there was no such activation of
the pre-exposed C context because the features in B did not over-
lap with those in context C and, hence, there was no formation of
a false fear memory of context C.

Of course, overlap among the features of the A and B contexts
should only permit conditioning of a false fear memory of context
A if rats developed a unitary representation of A in pre-exposure.
The final experiment used an immediate shock in the pre-exposed
context A to distinguish between pre-exposure per se and the uni-
tary representation normally formed at that pre-exposure in pro-
ducing the false fear memory. This experiment showed that a
longer (4 min) pre-exposure to context A resulted in a stronger
false fear memory than a shorter (2 min) duration, indicating
that the duration of pre-exposure regulates the richness of the uni-
tary representation and hence its associability with the immediate
shock in context B. Critically, the immediate shock in context B
produced a weaker false fear memory of the pre-exposed A context
among rats whose pre-exposure to context A began with an imme-
diate shock than rats pre-exposed in the absence of that shock.
This disruption was observed when the duration of the pre-
exposure was short (2 min) and longer (4 min), and the degree
of disruption in the false memory was independent of the dura-
tion of pre-exposure, indicating that the immediate shock sup-
presses the processing of the contextual array into the unitary
representation which enters into the association with the imme-
diate shock in context B, mediating the false fear memory. The
formation of the unitary representation is therefore critical for
the false fear memory of the pre-exposed context just as that rep-
resentation is critical for the formation of a true fear memory of a
shocked context (e.g., Fanselow 1980).

These findings suggest something of a paradox: rats learn to
fear a context in which they have “never” been shocked, but this
learning is disrupted if rats are “actually” shocked in that context.
However, they are exactly those anticipated by a dual systems
model of context fear conditioning. According to this model, en-
coding of a context representation and its association with shock
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are separable processes with distinct neural substrates: the hippo-
campus, but not amygdala, is involved in processing the conjunc-
tions among the array of contextual cues; the amygdala, but not
the hippocampus, is involved in associating the output of the hip-
pocampal system with the aversive shock US. Hence, the hippo-
campus and amygdala combine in the generation of a true
context fear memory. It is likely that they also combine in the gen-
eration of the false fear memory of the pre-exposed A context.
In fact, a recent computational model [Bayesian Context Fear
Algorithm/Automaton (BACON)] of the neural substrates under-
lying context fear conditioning makes explicit that exposure to
the novel context B confronts the subject with the task of deciding
whether the contextual cues sampled are from a familiar context
or a novel context requiring a new representation (Krasne et al.
2015). According to this model, exposure to the similar B context
immediately and progressively activates elements of the already
formed representation of the pre-exposed A until discrepancies
between that representation and the currently sampled contextu-
al cues generate the process that constructs the new representa-
tion of context B. This model thus predicts that shock in B will
condition fear of the pre-exposed A across a range of place-
ment-shock intervals: specifically, fear will accrue to A in the
absence of fear of B (the immediate shock protocol used in
Experiments 2-4 and when fear has accrued to B (the delayed
shock used in Experiment 1); but fear will not accrue to A when
the new representation of B is sufficiently developed (e.g., with
a sufficiently long placement-shock interval in B).

Ramirez and colleagues (2013) have provided direct evidence
of the role played by the hippocampus in the creation of a false
context fear memory. These investigators used optogenetic tech-
niques to create a false context fear memory. Hippocampal neu-
rons active while rats explored a novel context (A) were labeled
with channelrhodopsin-2 (ChR2), a light-gated cation channel.
ChR2 responds to blue light by depolarizing the labeled cell, ulti-
mately causing an action potential. Thus, neurons activated dur-
ing pre-exposure (context A neurons) could be artificially
reactivated via blue-light stimulation. Ramirez et al. (2013) reacti-
vated context A neurons by blue-light stimulation when rats re-
ceived a shocked exposure to a second, different context B. They
found that these rats froze when subsequently tested in B or A,
whereas control rats shocked in B, in the absence of the blue-light
stimulation of context A neurons, subsequently froze in B but not
in A. In the present experiments, exposure to the similar context B
functioned like the artificial activation of the ensemble of cells
coding the unitary representation of the pre-exposed A context;
activation that enabled these cells to enter into the association
with shock via hippocampal-amygdala pathways.

While the hippocampus and amygdala play complementary
roles in the formation of both true and false context fear memo-
ries, the results of the final experiment are consistent with the pro-
posal that activation of the amygdala by the shock US inhibits
hippocampal processing of the unitary representation of context
(O'Reilly and Rudy 2001). Consistent with such inhibition, the
number of hippocampal cells expressing the fos protein of the im-
mediate early gene (IEG), c-fos, was less in rats subjected to imme-
diate shock than in rats not shocked or rats shocked after a delay,
whereas the number of amygdala cells expressing the fos protein
was higher in both groups of shocked rats than in the non-
shocked control rats (Milanovic et al. 1998). The disruptive effect
of the immediate shock on contextual processing may reflect
changes in attention to specific features of the environment,
which are mediated through interactions between the amygdala
and cortical sensory processing regions (Phelps and LeDoux
2005). On the one hand, there is considerable evidence that the
amygdala facilitates attention toward emotional information
(Whalen et al. 1998; Ohman et al. 2001; Fox 2002; Phelps and
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LeDoux 2005). On the other hand, evidence from “emotion-
induced blindness” studies shows that the presentation of an
emotional image impairs the ability of human participants to re-
call subsequently presented images (Most et al. 2005, 2006; Smith
et al. 2006). Such findings show that emotional stimuli capture
attention but also impair subsequent information processing.
Indeed, tMRI studies report that attention to an emotional distrac-
tor is correlated with increased amygdala activity, providing sup-
port for the notion that activation of the amygdala may be critical
for disruption of subsequent processing of environmental infor-
mation (Most et al. 2006).

Arecentreport by Lovett-Barron et al. (2014) has suggested an
alternative route by which the aversive shock US may have im-
paired the hippocampal processing of contextual information.
These investigators demonstrated local inhibition of hippocampal
CA1 pyramidal neurons by somatostatin-positive interneurons
during aversive US presentations. This inhibition is thought to at-
tenuate contextual fear learning by blocking information convey-
ing discrete sensory properties of the context from the entorhinal
cortex. Thus, rather than, or in addition to the role of the amygdala
in regulating the disruptive effect of the immediate shock on false
and true fear memories, another mechanism by which the US pre-
sentation impairs the generation of a contextual representation
may be within the hippocampus itself.

Finally, it is worth noting the considerable evidence that peo-
ple remember events that did not happen or did not happen in the
way that they are remembered (Mather et al. 1997; Schacter 1999).
For example, it is now well-documented that individuals have
been found guilty of violent crimes that they did not commit
based on the honest but false testimonies of victims. The condi-
tions under which such testimonies are typically obtained have
led to various proposals concerning the roles of suggestion and
social factors in the recollective processes that can produce false
memories in victims (and eye-witnesses) (Loftus and Pickrell
1995). There are likely many processes involved, but the present
results suggest that false fear memories can also be formed when
the crime is committed. If a perpetrator whose identity is obscured
but nevertheless sufficiently detected to activate the memory of a
similar but absent person at the time of a crime, the memory of
the absent person can enter into the associative network formed
by the frightening experience, just as context B produces the false
memory of context A in the present experiments.

Materials and Methods

Subjects

The subjects were experimentally naive, male Sprague-Dawley rats
(Rattus norvegicus), aged between 7 and 11 wk, weighing between
270-410 g, and obtained from the Animal Resources Centre
(Perth, Western Australia). Rats were housed in groups of eight
in plastic boxes (67-cm length x 40-cm width x 22-cm height) lo-
cated in a colony room maintained at 20°C whose lights were
turned on at 7.00 a.m. and off at 7.00 p.m. All experimental pro-
cedures occurred between 1:00 and 3:00 p.m. All rats had ad libi-
tum access to food and water. Each rat was handled for 5-min per
day for 7 d prior to the start of the experiment. Rats were treated in
accordance with the Australian National Health and Medical
Research Council guidelines, and all procedures were approved
by the Animal Care and Ethics Committee of The University of
New South Wales.

Apparatus

Pre-exposure was conducted in either context A or context
C. Context A shared features with the shocked context, B, and
fear conditioned to context B generalizes to context A (e.g.,
Kiernan and Westbrook 1993). Context A consisted of two
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chambers, each measuring 25-cm in length, 30-cm in width, and
25-cm in height. The front and back walls were made of clear
Perspex and the sidewalls and ceiling were made of aluminum.
The floor consisted of stainless steel rods, 8-mm in diameter and
spaced 12-mm apart. A removable stainless steel waste tray con-
taining corncob bedding (Able Scientific, Sydney) was located
3-cm below the stainless steel rods. The bedding was changed after
the removal of each rat. A video camera, mounted on the back wall
of each chamber, recorded the behavior of each rat. Each camera
was connected to a DVD recorder and monitor located in another
room in the laboratory. The chambers were located on the roof of
a wooden cabinet containing the shocked chambers (Context B).

The second pre-exposure chamber, C, consisted in two plas-
tic white opaque buckets with lids, each measuring 30-cm
height x 20-cm diameter, located in another room in the labora-
tory. In experiment 3, context C consisted in a single plastic cage
(46-cm length x 32-cm width x 17-cm height) located in a differ-
ent room to that of the A and B contexts. The plastic cage was
placed inside a wooden cabinet whose walls, floors and ceilings
were covered in white wallpaper. The door of the cabinet was
left open throughout the duration of the experiment. The roof
of the cage consisted in a removable stainless steel grid, and the
floor and three sides were made of black plastic. The remaining
side, made of clear Perspex, faced the camera mounted on the
back wall of the wooden compartment. The camera was connect-
ed to a DVD recorder and monitor located in another room in the
laboratory. The floor and sidewalls were cleaned with water after
removal of each rat.

The shocked context, B, consisted in four identical chambers
(25-cm length x 30-cm width x 28-cm height) located in separate
compartments of a wooden cabinet whose walls, floors and ceil-
ings were painted black. Like the chambers designated as context
A, the sidewalls of the chambers designated as context B were alu-
minum and the front, back and ceiling were made of clear Perspex.
The floors of the chambers used for context B, like those of the
chambers for context A, consisted of stainless steel rods spaced
12-mm apart but were, 2-mm in diameter (rather than the
8-mm in context A). A removable stainless steel tray containing
the same corncob bedding material as in the chambers of context
A was located below the floor of each chamber. After removal of
each rat, the bedding was changed and the sidewalls and floor
was cleaned with water. [llumination for each chamber was pro-
vided by an infrared light source (940 £ 25 nm). A camera mount-
ed on the back wall of the wooden compartment facing the
chambers was connected to a DVD recorder and monitor located
in another room in the laboratory. No distinguishing odors were
used in any context and all rats were carried from their home cages
their respective contexts (A, B, or C) across all stages of the exper-
iment (Pre-exposure, Conditioning and Test).

The aversive US in all experiments was a 0.5 sec, 0.6-mA
scrambled footshock delivered through the grid floor. An amme-
ter was used to ensure correct current through the grid floor prior
to conditioning. The chambers were connected to a computer in-
stalled with MATLAB (MathWorks) software that controlled shock
administration.

Procedures

Pre-exposure

In Experiments 1-3, rats received a single 4-min exposure session
to their respective contexts on Day 1. In Experiment 4, rats also
received a single pre-exposure session whose duration was 2-min
for half of the rats and 4-min for the remainder. Those in the im-
mediate shock pre-exposure conditions (Groups A2: shock and
A4: shock) received a single shock immediately upon placement
into the context.

Conditioning
On Day 2, all rats were placed in Context B and received two
shocks. In Experiment 1, the first shock was delivered 2-min fol-
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lowing placement into the chamber and the second 2-min after
the first shock. In Experiments 2-4, the first shock occurred
5-sec after placement in the chamber and the second occurred
1-sec following the delivery of the first shock. Two shocks were
given in Experiment 1 in order to replicate the findings of Rudy
and O’Reilly (1999). Furthermore, in order to maintain consisten-
cy across experimental designs, all experiments thereafter also
used two shocks. In all experiments, rats were kept in B for a fur-
ther 30-sec following the second shock before being removed
and returned to their home cages in the colony room.

Test

On Day 3, all rats were tested in their respective contexts, A or B,
and A or C in Experiment 3. The test lasted for 5 min in duration
and no shock was presented.

Data collection and analysis

A time sampling procedure was used in which each rat was scored
as either freezing or not freezing every 2 sec. Freezing was defined
as the absence of all movement, except that necessary for breath-
ing (Fanselow 1980). Freezing was cross-scored by an observer
blind to the experimental conditions, and an observed correlation
>0.90 was obtained for all experiments. Any differences between
the two observers were resolved in favor of the one blind to the
experimental conditions. Overall differences between groups
across the shocked exposure to context B were analyzed using
repeated-measures ANOVA (Experiment 1) or one-way ANOVAs
(Experiments 2-4). The test data were analyzed with planned con-
trasts for Experiments 1-3 and a two-way ANOVA for Experiment
4. In cases where the sets of contrasts were orthogonal, the Per
Contrast Error Rate was set at 0.05, and for sets of nonorthogonal
contrasts, a Bonferroni correction was used to control the Per
Family Error rate at 0.05.
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