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Brief Communication

Memory for context becomes less specific with time

Brian . Wiltgen' and Alcino J. Silva

Departments of Neurobiology, Psychology, Psychiatry and the Brain Research Institute, UCLA, Los Angeles, California 90095, USA

Context memories initially require the hippocampus, but over time become independent of this structure. This shift
reflects a consolidation process whereby memories are gradually stored in distributed regions of the cortex. The
function of this process is thought to be the extraction of statistical regularities and general knowledge from specific
experiences. The current study examined this idea in mice by measuring the specificity of context memories during
consolidation. In the first experiment, separate groups of animals were trained with a single shock and tested in the
training context or a novel environment 1, 14, 28, or 36 d later. We found a systematic increase in generalization
over this period. Initially, mice froze more in the training context, but fear of the novel environment grew over time
until animals eventually froze an equivalent amount in both contexts. The second experiment demonstrated that the
increase in generalization was due to a loss of detailed information about the context and not fear incubation. In this
experiment, mice were exposed to the context and then trained with an immediate shock 1 or 36 d later. Animals
trained 1 d after exposure acquired robust context fear that did not generalize across environments. In contrast, mice
trained 36 d after exposure froze an equivalent amount in the training context and the novel environment. The same
profile was observed in H-ras mutants that exhibit enhanced hippocampal plasticity and learning. These results
suggest that context memories are specific early after training when they require the hippocampus, and become
more general as they are permanently stored in the cortex.

The hippocampus plays a time-limited role in the retrieval of
memory. Damage to this structure produces a loss of recently
formed memories and leaves intact those acquired in the remote
past (Anagnostaras et al. 1999; Squire et al. 2004; Bayley et al.
2005). As memory becomes independent of the hippocampus, it
is thought to be permanently stored in distributed regions of the
cortex (Squire and Alvarez 1995; Squire et al. 2004; Wiltgen et al.
2004; Frankland and Bontempi 2005). Consistent with this idea,
recent animal studies showed activation of cortical sites and a
concurrent deactivation of the hippocampus when old memories
were retrieved. Pharmacological inactivation of these same cor-
tical regions during retrieval produced a selective remote
memory deficit (Bontempi et al. 1999; Frankland et al. 2004a;
Maviel et al. 2004).

Contemporary learning models suggest this reorganization
of memory systems reflects an important process, the extraction
of statistical regularities, and general knowledge from specific
experiences (McClelland et al. 1995; O’Reilly and Rudy 2001).
According to these models, the hippocampus rapidly encodes
detailed memories (i.e., episodes) and then replays them so that
the cortex can slowly extract features that are common across
experiences (i.e., semantic memories). Consistent with this idea,
episodic memory retrieval in humans includes a detailed re-
experiencing of the original time and place where the event oc-
curred (i.e., recollection), while semantic memories are remem-
bered simply as facts and are accompanied by a sense of famil-
iarity (Tulving 1985, 1989; Knowlton and Squire 1995). Imaging
studies have also shown that memory retrieved via recollection
activates the hippocampus, while retrieval based on familiarity
does not (Eldridge et al. 2000).

The goal of the current experiments was to determine
whether similar processes occur in mice during context fear con-
ditioning, a task that initially requires the hippocampus, and
over time, becomes dependent on the cortex (Kim and Fanselow
1992; Anagnostaras et al. 1999; Frankland et al. 2004a). To do
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this, we examined changes in the specificity of context fear over
time. Based on the models above, we predicted that fear would be
specific to the training context early after learning, when it re-
quires the hippocampus. In contrast, as memory becomes depen-
dent on the cortex, it should begin to generalize to other envi-
ronments. Our first experiment tested this prediction. The sec-
ond experiment examined whether changes in generalization
over time are due to increases in fear (i.e., incubation) or a loss of
details for context memory. The last experiment determined
whether a reminder treatment could reduce generalization at re-
mote time points and restore the specificity of context fear.

Results

Fear generalization increases over time
Previous studies have suggested that context memories lose de-
tails over time (Riccio et al. 1984; MacArdy and Riccio 1995;
Houston et al. 1999; Balogh et al. 2002; Biedenkapp et al. 2005;
McAllister and McAllister 2006). We confirmed this result in the
first experiment. Mice were trained with a single footshock and
tested 1, 14, 28, or 36 d later (n = 26, 29, 30, 30) in the training
context and a novel environment. Figure 1A shows that fear of
the training context was stable over time (F < 1). In contrast, fear
of the novel environment (i.e., generalization) increased over
time (F3 111y = 4.78, P < 0.05). As a result, mice froze significantly
more in the training context than in the novel environment
early after training (1 d and 14 d; Fisher’s PLSD, P < 0.05), but not
later (28 d and 36 d; Fisher’s PLSD, P < 0.05). To illustrate this
reduced specificity of context fear over time, we plotted the freez-
ing data at each time point as a discrimination ratio (training
context)/(training context + novel environment). A ratio of 1 in-
dicates that mice were able to discriminate the contexts perfectly,
and a ratio of 0.5 means that they were unable to discriminate.
Figure 1B shows a systematic decrease in the discrimination ratio
over time (F(3 117, = 3.612, P<0.05). These results suggest that
context fear memories are initially specific, but become more
general with time.

Many laboratories, including our own, have reported that
fear memories sometimes become stronger with the passage of
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Figure 1. (A) Mean (= SEM) percentage of freezing during tests in the
training context and a novel environment. Separate groups of mice were
tested 1, 14, 28, and 36 d after training. (*) A statistically significant
difference (P < 0.05). (B) Mean (= SEM) discrimination ratio for each test
day calculated from freezing scores in the training context and the novel
environment (training/training + novel). (C) Mean (= SEM) percentage
of freezing in groups of mice receiving a single 0.5 mA shock, a single
0.75 mA shock, or five 0.75 mA shocks, and then tested the next day.

time (Houston et al. 1999; Balogh et al. 2002; Frankland et al.
2004a), a phenomenon called fear incubation (Eysenck 1968). It
is possible that fear incubation and not the loss of contextual
details is responsible for the increased generalization that we ob-
served in the first experiment. Although fear of the training en-
vironment did not incubate in this experiment, animals may
have been at a performance ceiling. We tested this by comparing
freezing in mice trained with a single 0.5 mA shock (n = 15) with
those trained with a single 0.75 mA shock (n = 8) and those re-
ceiving five 0.75 mA shocks (n = 8). Animals were tested 1 d later.
Figure 1C shows the results of this experiment. Mice that re-
ceived one or five 0.75 mA shocks froze significantly more than
those receiving a single 0.5 mA shock (Fisher’s PLSD, P < 0.05).
This suggests that the lack of fear incubation in our training
environment was not simply due to a performance ceiling.

Memory for context becomes less specific over time

If increased generalization results from context memories becom-
ing less specific with time, then we should be able to observe the
same phenomenon in the absence of fear. To test this idea, we
used context pre-exposure and immediate shock training
(Fanselow 1990; Rudy and O’Reilly 2001). It is well established
that rats and mice need a minimum amount of time in the train-
ing environment to learn about the context. Delivering shock
immediately after placement in the context produces no learn-
ing, a deficit that can be overcome by pre-exposing the animals
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to the environment (Fanselow 1990; Wiltgen et al. 2001;
Frankland et al. 2004b). Pre-exposure rescues learning because it
allows animals to form a representation of the context, which
they can readily recall during the subsequent training session
(Rudy and O’Reilly 1999). Therefore, we used the pre-exposure
procedure to probe the specificity of context memory over time.
Mice were first pre-exposed to the training context for 10 min. A
group of control animals was transported to the holding room,
but not removed from their homecages. Separate groups of mice
were then trained with an immediate shock in the training con-
text 1 or 36 d later. Over the next 2 days, they were tested in both
the training context and a novel environment.

Figure 2A shows the results of this experiment. First, as ex-
pected, nonexposed animals (n = 9) froze significantly less in the
training context than exposed animals (1 = 15) (F4 2, = 50.25,
P < 0.05). In addition, context fear in exposed animals that were
trained 1 d later (Recent) was specific to the training context.
These animals froze significantly more in the training context
than in the novel environment (F; ;4, = 51.834, P < 0.05). Mice
that were trained 36 d after pre-exposure (Remote; n = 13) also
froze more than mice that were not exposed (F ) =9.75,
P < 0.05), but their fear was not specific to the training context.
They froze an equivalent amount in the training context and the
novel environment (F < 1). Since the training-to-test interval was
equivalent for the Recent and Remote groups in this experiment,
fear incubation cannot be used to explain these results. Instead,
consistent with our interpretation of the first experiment,
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Figure 2. (A) Mean (+ SEM) percentage of freezing during tests in the
training context and a novel environment. Some mice were not exposed
to the training context before immediate shock training (Non), some
were exposed 1 d before training (Recent), and others were exposed 36
d before training (Remote). (*) A statistically significant difference
(P<0.05). (B) Mean (*SEM) percentage of freezing in H-ras mutants
during tests in the training context and a novel environment. Training
conditions were the same as above. (*) A statistically significant difference
(P < 0.05). (C) Mean (= SEM) discrimination ratio for WT and H-ras mice
during the recent and remote context tests.
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memory for the context appears to change across time. When
mice are asked to recall previously learned context memories
after a long interval has passed, they remember only basic infor-
mation that generalizes to other environments.

We next determined whether the generalization process is
affected by increases in hippocampal plasticity. To do this, we
trained mice that express a constitutively active form of H-ras
(G12V) in the forebrain using the behavioral procedures just de-
scribed. Our lab recently showed that this mutation enhances
hippocampal long-term potentiation (LTP) and learning (Kush-
ner et al. 2005). Increasing plasticity in the hippocampus could
produce a more specific memory that does not generalize at re-
mote time points. Alternatively, the loss of memory specificity
could be a process that is independent of hippocampal plasticity
mechanisms. As seen in Figure 2B, animals exposed to the con-
text and trained 1 d later (Recent; n = 15) showed enhanced con-
ditioning compared with nonexposed mice (Non; n = 6)
(F(1,109) = 7.67, P < 0.05) and this learning was specific to the train-
ing context (F(; 14y = 50.63, P < 0.05). Context memories also be-
came less specific as the interval between pre-exposure and train-
ing was increased. Mice trained 36 d after exposure (Remote;
n = 21) froze an equivalent amount in the training context and
the novel environment (F < 1). Therefore, just like in wild-type
mice, context memories in H-ras mutants become less specific
with the passage of time. This is illustrated in Figure 2C, which
plots changes in the discrimination ratio at the recent and re-
mote time points. There was a significant decrease in the dis-
crimination ratio across time (F(; 40, = 76. 59, P < 0.05) that was
equivalent for wild-type and mutant animals (F < 1). This result
suggests that increasing hippocampal plasticity does not neces-
sarily prevent the loss of memory specificity over time.

A reminder treatment restores context discrimination
The first two experiments demonstrate that context memories
become more general with time. This finding could be inter-
preted in at least two ways. The original, detailed memory for
context could be transformed into a generalized representation
and integrated into existing knowledge structures by the cortex
(e.g., semantic memory) (McClelland et al. 1995; O’Reilly and
Rudy 2001). Alternatively, the original memory could remain
intact and simply become difficult to retrieve at remote time
points due to forgetting (Bouton et al. 1999). The current experi-
ment tested between these alternatives by using a reminder treat-
ment. Some mice (n = 20) were re-exposed to the original train-
ing context for 1 min (Reminder) 35 d after training, while others
(n =21) remained in their home cage (No reminder). The follow-
ing day, half of the animals from each group were tested in the
training context (Reminder, n = 9, No reminder, n = 10) and the
other half in the novel environment (Reminder, n =11, No re-
minder, n=11). If mice have difficulty retrieving a detailed
memory of the environment then a reminder session should help
them retrieve this representation and reduce generalization. In
contrast, if the original memory has been transformed into a new
generalized representation, then the reminder treatment should
have little effect.

The results are presented in Figure 3. Consistent with our
first experiment, mice that were not reminded of the training
context generalized to the novel environment. They froze an
equivalent amount in both contexts (F < 1). In contrast, mice
that received the reminder treatment were able to discriminate,
and froze more in the training context than in the novel envi-
ronment (F 15, = 5.45, P <0.05). This result suggests that in-
creased generalization at remote time points is due, at least in
part, to the forgetting of specific features of the context. The
original detailed context memory does not appear to be lost over

75+
[ Training

I Novel

(5]
S
i

Freezing (%)
b

No reu;'linder Reminder

Figure 3. (A) Mean (= SEM) percentage of freezing during tests in the
training context and a novel environment. Some mice received a 1-min
reminder treatment before the test (Reminder) and others did not (No
reminder). (*) A statistically significant difference (P < 0.05).

time, a finding that is consistent with previous studies on forget-
ting (Zhou and Riccio 1994, 1996; Rosas and Bouton 1997).

Discussion

The current results illustrate that memory for context is specific
shortly after learning and becomes more general with the passage
of time. Mice were able to discriminate between the training
context and a novel environment 1 and 14 d after conditioning,
a period of time when context fear is known to depend on the
hippocampus (Kim and Fanselow 1992; Maren et al. 1997). Con-
text fear became less specific and generalized to a novel environ-
ment 28 and 36 d after training, time points when the cortex is
important for retrieval (Frankland et al. 2004a). These results sug-
gest that context generalization may be a useful index of the
consolidation process.

Previous studies have also suggested that context memories
become less specific with time (Riccio et al. 1984; MacArdy and
Riccio 1995; Bouton et al. 1999; Houston et al. 1999; Balogh et al.
2002; Biedenkapp et al. 2005; McAllister and McAllister 2006).
The current results are consistent with these findings and dem-
onstrate that increases in context generalization are not simply
the result of fear incubation. Two pieces of evidence support this
conclusion. First, we observed increases in fear over time only in
the novel environment. This selectivity was not due to a perfor-
mance ceiling in the training context, as mice given more intense
training procedures were able to exhibit more fear. Second, we
found similar increases in generalization following context ex-
posure alone (i.e., in the absence of shock). Mice pre-exposed to
the context and then trained with an immediate shock 36 d later
showed robust generalization to a novel environment. The same
amount of generalization was not observed in mice trained 1 d
after pre-exposure. Nonetheless, fear incubation has been ob-
served in many laboratories, including our own (Houston et al.
1999; Balogh et al. 2002; Frankland et al. 2004a). This suggests
that two distinct processes can occur following context fear con-
ditioning: a loss of contextual details and a general increase in
fear. It is likely that both contribute to the magnitude of fear
generalization over time.

The fact that context memory becomes less specific with
time fits nicely with contemporary models of consolidation (Mc-
Clelland et al. 1995; O’Reilly and Rudy 2001; Nadel et al., in
press). According to these models, the function of the consolida-
tion process is the extraction of general information from specific
experiences. The hippocampus encodes detailed information
about recent events and then replays them so that the cortex can
gradually extract generalities. These models predict that as con-
text memories become independent of the hippocampus and are
stored in the cortex, they should lose details and become more
general in nature. The current experiments confirmed this pre-
diction.

We also found that a reminder treatment could be used to
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restore the specificity of context fear at remote time points. This
is an interesting result, because it implies that the original con-
text memory remains intact and can be retrieved under certain
conditions. Previous studies on forgetting have found similar ef-
fects (Zhou and Riccio 1994, 1996; Rosas and Bouton 1997). This
has important implications for theories of consolidation, because
some models argue that as memory is transformed into a more
general form, the original detailed information is lost (for a de-
tailed discussion of these issues, see Nadel et al., in press). In-
stead, our data suggest that animals are able to retrieve either a
specific or generalized memory of context at remote timepoints,
depending on the conditions. This finding may be related to
recent studies on reconsolidation, showing that short reminders
given months after training can make context fear once again
dependent on the hippocampus (Debiec et al. 2002). Together,
these data imply that after a period of time animals recall a gen-
eralized memory of context that is stored outside of the hippo-
campus, but remain capable of accessing the original detailed
event via the hippocampus if they are reminded of it. If true, this
finding is at odds with consolidation models that predict a loss of
hippocampal information as cortical memory traces are formed
(McClelland et al. 1995; Nadel et al., in press).

Our experiments also determined whether generalization is
affected by changes in hippocampal plasticity. This was accom-
plished by examining mice that express an active form of H-ras
(G12V) that enhances both hippocampal LTP and learning
(Kushner et al. 2005). Just like wild-type mice, these animals
showed increases in generalization over time. This finding sug-
gests that generalization of context memory may occur through
a process that is independent of hippocampal plasticity. Instead,
it may involve changes in cortical plasticity like those observed
in the medial prefrontal cortex following fear conditioning
(Frankland et al. 2004a). However, it is important to note that
enhanced plasticity in our H-ras mutants may not be specific to
the hippocampus, as the transgene is expressed throughout the
forebrain.

The human hippocampus is also important for the acquisi-
tion and retrieval of detailed memory representations (Rosen-
baum et al. 2001; Moscovitch et al. 2006). For example, the hip-
pocampus is activated when people remember events by recol-
lecting details about them, but not when similar events are
recognized based on a feeling of familiarity (Eldridge et al. 2000).
Interestingly, studies have shown that recollection decays more
quickly than familiarity over long intervals. As a result, many
items that are initially remembered via a recollective process are
later recognized by familiarity (Gardiner and Java 1991; Knowl-
ton and Squire 1995; Tunney and Bezzina 2006). A similar phe-
nomenon could be responsible for our current results. Recently
formed context memories may be retrieved via a recollection-like
process that involves the hippocampus, while remote context
memories are retrieved through a familiarity-like process that
involves regions of the cortex. Future studies can examine this
hypothesis using the current behavioral procedures, which we
believe provide a useful way to study changes in memory and its
retrieval over time.

Materials and Methods

Subjects

In the first and third experiment, F, hybrids were generated by
breeding C57BL/6 (Taconic) males and 129SvE (Jackson) females.
In the second experiment, mice were generated by breeding male
animals positive for H-ras (maintained in the C57BL/6 back-
ground) with 129SvE females. These mice were genotyped as pre-
viously described (Kushner et al. 2005). All mice ranged from 3 to
6 mo of age and were group housed with free access to food and
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tap water. They were maintained on a 12:12 h light:dark cycle in
the Herbert L. Washington Vivarium in the Department of Psy-
chology at UCLA. All experiments were performed during the
light phase of the cycle.

Fear conditioning

The apparatus and procedures used in these experiments have
been described previously (Anagnostaras et al. 2000). In the first
experiment, mice were placed in the conditioning context for 2
min and then a single footshock (2 sec, 0.5 mA) was delivered.
One minute after the shock, the mice were removed and returned
to their home cage. Animals were tested for 5 min in the training
context or a novel environment 1, 14, 28, or 36 d later. The
following day they were tested in the opposite environment. The
order of these tests was counterbalanced for each time point. The
novel environment was structurally different from the training
context and had a Plexiglas floor (28 X 21 cm) and two white
plastic sidewalls (24 X 21 cm) placed at 60° to the floor, forming
a triangular enclosure. It was also housed in a room that was
dimly lit by a red light bulb. Ninety-five percent ethyl alcohol
was used to clean both the training context and the novel envi-
ronment, and background noise (65 dB) was supplied in both
rooms by a HEPA air cleaner (Honeywell Inc.). For the perfor-
mance control experiment, naive mice received 1 or 5 footshocks
(2 sec, 0.75 mA) in the training environment. In the latter group,
the shocks were separated by a 1-min interval. Animals were
tested 1 d later in the same environment. These data were com-
pared with those from mice in the first experiment that received
asingle 0.5-mA shock, and were tested in the training context the
following day.

In the second experiment, mice were first exposed to the
training context for 10 min (no shock was delivered) or trans-
ported to the holding room and left in their home cage as pre-
viously described (Wiltgen et al. 2001; Frankland et al. 2004b).
One or 36 d later they were placed into the training context, and
5 sec later received a single footshock (2 sec, 0.75 mA). The ani-
mals were removed from the context 30 sec after shock and re-
turned to their home cage. The mice were tested over the next 2
d in the training context and a novel environment as described
above.

In the third experiment, mice were trained and tested using
the same procedures as in the first experiment. In addition, 35 d
after training, half of the animals were exposed to the original
training environment for 1 min. The remaining mice stayed in
their home cage during this period. The following day, half of the
reminded and nonreminded mice were tested in the training
context and the other half in the novel environment for 5 min.
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