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Abstract
In recent years, many animal models of memory have focused on one or more of the various
components of episodic memory. For example, the odor sequence memory task requires subjects
to remember individual items and events (the odors) and the temporal aspects of the experience
(the sequence of odor presentation). The well-known spatial context coding function of the
hippocampus, as exemplified by place cell firing, may reflect the ‘where’ component of episodic
memory. In the present study, we added a contextual component to the odor sequence memory
task by training rats to choose the earlier odor in one context and the later odor in another context
and we compared the effects of temporary hippocampal lesions on performance of the original
single context task and the new dual context task. Temporary lesions significantly impaired the
single context task, although performance remained significantly above chance levels. In contrast,
performance dropped all the way to chance when temporary lesions were used in the dual context
task. These results demonstrate that rats can learn a dual context version of the odor sequence
learning task which requires the use of contextual information along with the requirement to
remember the ‘what’ and ‘when’ components of the odor sequence. Moreover, the additional
requirement of context-dependent expression of the ‘what-when’ memory made the task fully
dependent on the hippocampus. Moreover, the addition of the contextual component made the task
fully dependent on the hippocampus.
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In recent years, much research has been focused on episodic memory in animals (Babb &
Crystal, 2006; Clayton & Dickinson, 1998; Eacott & Norman, 2004; Ergorul &
Eichenbaum, 2004; Kart-Teke, De Souza Silva, Huston, & Dere, 2006). By definition,
episodic memories include memory for the individuals, objects and events that were part of
the episode (what), as well as the place where the events occurred (where) and the time of
their occurrence (when). The odor sequence memory task requires subjects to remember
individual odors and their position in the temporal sequence of events (Fortin, Agster, &
Eichenbaum, 2002; Kesner, Gilbert, & Barua, 2002). Thus, this task has become an
important model for studying memory for individual events (what) and the temporal
sequence in which they occur (when).

Various authors have suggested that hippocampal encoding of the spatial context, as
exemplified by place cell firing, reflects the ‘where’ component of episodic memory
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(Anderson & Jeffery, 2003; Nadel, Willner, & Kurz, 1985; Smith & Mizumori, 2006a) and
this is consistent with the well-known role of the hippocampus in processing contextual
information (e.g. Hirsh, 1974). Requiring the rats to perform the odor sequence task in a
context dependent manner would incorporate a key component of episodic memory. In the
present study, we have modified the odor sequence task by training rats to choose the earlier
odor in one context (a white box) and to choose the later odor in another context (a black
box) and we compared the effects of temporary inactivation of the dorsal hippocampus in
the new dual context task and the original single context task.

Previous studies have used lists containing 5 odors (Fortin et al., 2002; Kesner et al., 2002)
or 6 odors (Wolff, Gibb, & Dalrymple-Alford, 2006). In the present study, we used 7-item
lists so that a greater variety of probes could be constructed for each lag size, which refers to
the number of intervening odors during the sequence presentation. One problem with shorter
lists is that most of the possible probes contain one (or both) of the first and last items from
the list. These items may be easier to remember (e.g. due to recency and primacy effects)
and rats could exhibit moderately good performance by remembering the first and last items,
even without maintaining memory for the items of the middle of the list. The use of longer
lists mitigates this problem by allowing for the construction of many probes that do not
contain the first or last odor from the sequence.

Methods
The subjects were eight adult male Long-Evans rats that were food deprived to
approximately 85% of their free feeding weight. All of the rats were first trained to a
criterion on the single context task, followed by surgery to implant guide cannula for
intrahippocampal infusions. All procedures complied with guidelines established by the
Cornell University Animal Care and Use Committee. After recovery, the rats were re-trained
to the criterion and then tested with saline and muscimol using a within subjects design. The
rats were then trained on the dual context version of the task. After reaching the behavioral
criterion in this task, the rats were again tested in each of the contexts with saline and
muscimol infusions.

Details of the odorants, apparatus and general training procedures have been published
elsewhere (Butterly, Petroccione, & Smith, 2012). Briefly, trials consisted of the
presentation of a sequence of odor cues, presented one at a time mixed into cups of digging
medium with a buried sucrose pellet reward (45 mg, Bioserve, Frenchtown, NJ) in each cup.
This was immediately followed by a memory probe which consisted of the simultaneous
presentation of two cups containing odor cues from the sequence, but only the cup
containing the earlier odor from the sequence had a buried reward (100 mg sucrose pellet).
Digging responses in the later odor were not rewarded. The odors for each trial were
randomly selected from a set of 20 pure odorants (for details see Butterly et al., 2012).
Probes included odors selected from each of the odor positions within the sequence and each
of 3 different lag sizes. There were 4 different probes of lag sizes 1 and 2, and 3 probes of
lag size 3 (i.e. odors with 1, 2 or 3 intervening odors in the sequence).

All of the rats were first trained to a behavioral criterion of 80% correct over 30 trials on the
single context task. This ensured that all of the rats were performing the task equivalently
well (84.03±3.39% correct, mean ± SEM) and only rats that reached the criterion were
included in the experiment. Various training methods were used to bring the rats to this level
of performance and the duration of training varied considerably (70-270 trials,
mean=146.13±25.21). The best results were achieved by gradually shaping the rats to select
the earlier odor from sequences of increasing length (3 odors, 4 odors, etc.) until they were
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able to perform with 7 item sequences. For each sequence length, the rats were trained until
they got 5 consecutive correct choices before advancing to the next longer sequence.

After reaching the criterion, the rats underwent stereotaxic surgery to implant bilateral guide
cannulae for the infusion of muscimol (0.6μl of a solution containing 1 μg/μl of muscimol)
or saline solution into the dorsal hippocampus (one infusion site per hemisphere in dorsal
CA1, 3.6 mm posterior and 2.6 mm lateral to Bregma, 2.2 mm ventral to the cortical surface,
Fig 1A). All procedures complied with guidelines established by the Cornell University
Animal Care and Use Committee. After recovery, the rats were retrained to the criterion and
then given test sessions (9 trials per session) with saline or muscimol infusions given 30 min
prior to starting the session. Each rat was given two saline control sessions, followed by two
muscimol and then two additional saline control sessions in a within subjects design.
Performance did not differ across the two muscimol sessions (t(7)=1.49, p=.18) so the
percent correct data were combined across the two sessions of each condition and submitted
to a repeated measures ANOVA. One rat died after the test sessions for the single context
task, leaving 7 subjects for the second dual context experiment.

After completing the test sessions for the single context task, the rats were trained on the
dual context version of the task. All previous training for the single context task took place
in a white chamber. For the dual context task, the same white chamber was used and a
second black chamber was introduced. The two contexts also differed in terms of the color
of the surrounding area (black walls or white curtains), the substrate in the chamber
(uncovered Plexiglass floor or a black rubber mat), the 65 dB continuous background
masking noise (white noise or pink noise) and the ambient odor left by wiping out the
chamber with baby wipes prior to each training session (unscented or scented, Rite Aid,
Inc).

For the dual context task, the rats were given training trials as described above, except that
they took place in the black box and the rats were required to select the odor that had been
presented later on the list during the probe. In order to ensure that performance on the first
task remained high, continuing trials in the original (white box) context with the ‘select the
earlier odor’ rule were interleaved with training in the new context. After reaching the
criterion on the dual context task (80% correct over 30 trials in each context), the rats were
given 2 saline and 2 muscimol test sessions in an ABAB design. The four sessions were
needed to give an adequate number of test trials in each of the two contexts and for
counterbalancing. Each session included trials in each of the two contexts (9 trials of each
injection condition and each context for a total of 36 trials).

Results
Muscimol infusions significantly impaired task performance in the single context version of
the task (repeated measures ANOVA of the three conditions: saline 1, muscimol and saline
2, F[2,14]=16.89, p<.001, Fig 1B). The temporary lesions impaired performance on all
probes, regardless of lag size. A repeated measures ANOVA with lesion condition and lag
size as within subjects factors confirmed a main effect of the temporary lesions
(F[1,14]=62.26, p<.001), but no effect of lag size (F[2,14]=0.80, p=.45) and no interaction
of lag size and lesion condition (F[2,14]=0.91, p=.42). Interestingly, performance during the
muscimol session remained significantly above chance (65.97±3.30% compared to chance
performance of 50% correct, t(7)=6.00, p<.005).

We compared performance on probe trials that did and did not contain either the first or last
odor from the list. For example, the two kinds of probe trials did not differ during the saline
sessions (t(7)=0.06, p=.95) or during the muscimol sessions (t(7)=0.21, p=.84) described
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above. Indeed, the average percent correct for both kinds of probes was nearly identical. The
equivalent performance on the two kinds of probes confirms that with our training
procedures, the rats did not adopt a strategy of remembering the first or last odors without
attending to the odors in the middle of the list. The same pattern of results was seen in the
following dual context experiment.

During testing in the dual context task, there were no differences in performance across the
two contexts (t(6)=0.46, p=.66) or across the two muscimol sessions (t(6)=0.44, p=.67), so
the percent correct data were combined to form saline and muscimol conditions which were
compared with a paired samples t-test. The average data for each test session are shown in
figure 1C. Muscimol infusions significantly impaired performance on the dual context task
(t(6)=6.06, p<.001). In contrast to the single context task, performance on the dual context
task dropped all the way to chance levels during the muscimol sessions (50.79±4.27%
correct, which did not differ from chance, t(6)=0.19, p=.86), suggesting that the temporary
muscimol lesions caused a greater impairment than in the previous single context task. This
was confirmed by a significantly greater lesion-induced decrement in performance in the
dual context task than in the single context task (comparison of difference scores computed
for each subject by subtracting performance during the muscimol sessions from performance
during the saline sessions, for the two tasks, t(6)=2.89, p<.05).

Although previous studies with these procedures have shown that rats can’t directly detect
the buried reward (Butterly et al., 2012), the rats of the present study were tested after the
completion of training by presenting them 20 trials involving two randomly selected odors
from the training list, but with only one of the cups baited. If the rats could detect the buried
reward, they would be expected to choose the baited cup at a rate that was greater than
chance. The rats chose the baited cup 49.0±4.19% of the time, which did not differ
significantly from chance performance (t(4)=0.54, p=.62).

Discussion
These results demonstrate that rats can learn a dual context version of the odor sequence task
which involved learning a 7-item odor list and learning to follow different rules (pick the
earlier or later odor) in separate contexts, within the same testing session. Thus, this task
adds a context processing requirement to the well-known odor sequence learning task
(Fortin et al., 2002; Kesner et al., 2002). Since episodic memory involves memory for the
spatial context in which events occurred, these results are relevant to animal models of
episodic memory and they join a growing literature indicating that the component memory
processes that contribute to episodic memory are present in a variety of species (Babb &
Crystal, 2006; Clayton & Dickinson, 1998; Eacott & Norman, 2004; Ergorul &
Eichenbaum, 2004).

Consistent with previous studies that used permanent lesions (Fortin et al., 2002; Kesner et
al., 2002), temporary inactivation of the dorsal hippocampus with muscimol caused a
significant impairment in the single context version of the task. Interestingly, the rats with
temporary lesions performed significantly above chance levels in the single context task, but
the lesions completely abolished performance of the dual context version of the task in the
same subjects. These results suggest that hippocampal lesions may cause significant deficits
in tasks that require some of the components of episodic memory (e.g. what and where in
the odor sequence task). However, the additional requirement of context-dependent
expression of the ‘what-when’ memory made the task fully dependent on the hippocampus.
The increased hippocampal role with the addition of episodic memory components supports
the well documented hippocampal role in episodic memory (e.g. Rosenbaum et al., 2005;
Vargha-Khadem et al., 1997).
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These results are also consistent with accounts of hippocampal function that emphasize its
role in processing contextual information (e.g. Smith, 2008). As mentioned, episodic
memories involve memory for the spatial context in which events occurred (e.g. at the
office, in a restaurant, etc.) even when the details of the spatial geometry and the precise
locations of events are lost. Context is therefore a natural way to construe the ‘where’
component of what-where-when models of episodic memory. However, we are cautious
about suggesting that the present task constitutes a clear case of “what-where-when”
memory. Because the contextual information was present at the time of the probe trials, the
rats were not explicitly required to remember the context. Instead, the context may have
served as a discriminative cue which was used to retrieve the appropriate rule (i.e. pick the
earlier or later odor). Nevertheless, the rats did have to process and encode the context
sufficiently for recognition and discrimination. Thus, the task involves the encoding and
discrimination, if not the un-cued recall, of the spatial context component of episodic
memory in addition to the ‘what’ and ‘when’ components of the sequence. The use of
different contexts as a component of episodic memory models is advantageous because
associating specific memories with different contexts provides a means for subjects to
minimize interference (Butterly et al., 2012) and may therefore be a more manageable way
for rodents to associate items and temporal aspects of experience with the location where
they occurred.

Interestingly, our pattern of results bears some similarity to previous studies of spontaneous
object investigation. These studies have shown that rats with lesions of the hippocampus or
fornix exhibit impaired memory for object-place-context associations, but memory for
associations involving fewer components (e.g. object-place or object-context) is not
impaired (Eacott & Gaffan, 2005; Easton & Eacott, 2010; Langston & Wood, 2010). Easton
and Eacott (2010) suggest that the differential involvement of the hippocampus in these
tasks may occur because the two component tasks can be solved by non-hippocampal
dependent familiarity processes whereas the additional memory requirements of the three
component task may require hippocampal dependent recollection processes (for a discussion
of familiarity and recollection, see Yonelinas, 1994). Consistent with this idea, it is possible
that our dual context task depends on recollection processes to a greater degree than the
single context task.

Our dual context task can also be thought of as a special kind of conditional discrimination
task, in which the predictive value of discriminative cues depends on the presence of another
cue (e.g. in the presence of X: A+/B-, in the presence of Y: B+/A-). The conditional cues (X
and Y) can be individual stimuli, locations within an environment or different contexts.
Interestingly, the role of the hippocampal system in these tasks has not been entirely clear,
with some studies finding a lesion induced impairment (Lee & Solivan, 2010; Rajji,
Chapman, Eichenbaum, & Greene, 2006; Smith, Wakeman, Patel, & Gabriel, 2004) and
others finding mild impairment or none at all (McDonald et al., 1997; Sanderson, Pearce,
Kyd, & Aggleton, 2006). Most of these tasks involve a single pair of discriminative cues (A
and B) which have reversed predictive values depending on the conditional cue. In contrast,
the present task requires that the rats use the conditional cue (the context) in order to retrieve
the correct rule (pick the earlier or later odor) and apply it to the probe odors drawn from a
sequence of seven odors. This added complexity, with the requirement to hold the ‘what’
and ‘when’ information in memory, in addition to using the context as a conditional cue,
may account for the fact that performance dropped all the way to chance in the dual context
task.

The critical role of the hippocampus in memory for individual items and events, when they
occurred and the context in which they occurred is supported by neurophysiological data
showing that hippocampal neurons respond to each of these components. Hippocampal
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neurons fire in response to a variety of task relevant events, including responses to various
kinds of cues and reinforcers (e.g. Kang & Gabriel, 1998; Smith & Mizumori, 2006b;
Solomon, Vander Schaaf, Thompson, & Weisz, 1986; Wood, Dudchenko, & Eichenbaum,
1999). Spatially localized firing patterns (i.e. place fields) are well known and, as discussed
above, could serve as a neural representation of the context (Anderson & Jeffery, 2003;
Nadel et al., 1985; Smith & Mizumori, 2006a). Finally, recent data suggest that hippocampal
firing is also sensitive to temporal aspects of experience, since hippocampal neurons fire in a
temporally determined pattern (Gill, Mizumori, & Smith, 2011; Macdonald, Lepage, Eden,
& Eichenbaum, 2011; Pastalkova, Itskov, Amarasingham, & Buzsaki, 2008) and
hippocampal neuronal population responses evolve over time in a manner that could encode
the temporal aspects of memory (Manns, Howard, & Eichenbaum, 2007). The present
results suggest that better than chance performance can be maintained in the absence of
hippocampal coding of some components (e.g. what and when) but that hippocampal
processing is critical when the additional requirement of contextual discrimination is added.
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Figure 1.
Panel A shows a representative section with the location of the infusion cannula in the dorsal
hippocampus. Panel B shows the percentage of trials with a correct choice on the probe in
the single context task during saline and muscimol sessions. Panel C shows the percent
correct during saline and muscimol sessions of the dual context task. Note that each session
(i.e. each bar in the plot) includes trials from each of the two contexts.
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