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Research

The beneficial effect of prior experience
on the acquisition of spatial memory in rats with CA1,
but not large hippocampal lesions: a possible role
for schema formation

Amber C. Ocampo,1 Larry R. Squire,2,3 and Robert E. Clark2,4
1Department of Psychology, University of California, San Diego, La Jolla, California 92093, USA; 2Veterans Affairs San Diego Healthcare
System, San Diego, California 92161, USA; 3Departments of Psychiatry, Neurosciences, and Psychology, University of California, San
Diego, La Jolla, California 92093, USA; 4Department of Psychiatry, University of California, San Diego, La Jolla, California 92093, USA

Prior experience has been shown to improve learning in both humans and animals, but it is unclear what aspects of recent

experience are necessary to produce beneficial effects. Here, we examined the capacity of rats with complete hippocampal

lesions, restricted CA1 lesions, or sham surgeries to benefit from prior experience. Animals were tested in two different

spatial tasks in the watermaze, the conventional watermaze task and delayed match-to-position. The two lesions impaired

performance in both tasks when rats had no prior experience. However, when given prior training with one task, CA1

lesions had no effect on performance in the other task. In contrast, rats with hippocampal lesions did not benefit from

prior training. The findings show that prior experience can benefit learning even when the previously learned task and

a new task are quite different. The concept of schema may be useful for understanding the benefits of prior experience.

Schemas refer to preexisting knowledge structures intowhich new-
ly acquired information can be incorporated (Bartlett 1932; Tse
et al. 2007; Dragoi and Tonegawa 2013; McKenzie et al. 2014). A
variety of studies have demonstrated that preexisting knowledge
(or schemas) is advantageous for human learning (Bransford &
Johnson 1972; Maguire et al. 1999; van Kesteren et al. 2013; Race
et al. 2015). Although the schema concept is fundamental to the
psychological science of humanmemory, the concept has only re-
cently become relevant in work with experimental animals.

A number of studies have now documented striking effects of
prior experience on learning in rodents. For example, in one nota-
ble study, rats learned to associate six specific flavors with six places
in a familiar arena (Tse et al. 2007). Initial learning was slow, but
after rats had accumulated experience in the task, they learned
new flavor–place pairings in a single trial. Prior experience can
also benefit learning in the watermaze task (Bannerman et al.
1995). Specifically, D-AP5 normally impairs watermaze acquisition
in rats, presumably by blocking the induction of LTP, but this treat-
ment had no effect on acquisition when rats received prior water-
maze training with a different platform location in a different
environment. The same benefit of prior experience has been re-
ported using other methods to block LTP (Otnaess et al. 1999;
Inglis et al. 2013) and with other tasks (Wiltgen et al. 2011;
Dragoi and Tonegawa 2013). Interestingly, the benefit of prior
watermaze training was not obtained in rats with conventional
hippocampal lesions (Bannerman et al. 1995).

It is unclear to what extent the beneficial effects of prior expe-
rience depend on the kind of experience that an animal brings to a
new task. Can beneficial effects occurwhen the task to be learned is

different than the task that has provided prior experience? In the
current study, rats with two kinds of hippocampal lesions and con-
trol rats were given experience with the delayedmatch-to-position
task (DMP) (Steele and Morris 1999) before training on the water-
maze. Separate groups of rats were given experiencewith thewater-
maze task before training on theDMP task (Figure 1). TheDMP task
is similar to thewatermaze task but requires rats to learn a newplat-
form location each day. Thus, the DMP task does not provide any
specific spatial information that would be useful in the conven-
tional watermaze task (and vice versa). Training in each task
does, however, provide substantial experience in a circular pool
of water and experience with features common to the two tasks
(e.g., a platform is to be found, the platform is not located near
the walls, and distal spatial cues are important).

We tested rats with conventional hippocampal lesions and
control rats. Because beneficial effects of prior experience have
not been found after conventional lesions, we also tested animals
with a recently developed, novel lesion restricted to field CA1
that encompasses the entire dorsoventral extent of the hippocam-
pus (Ocampo et al. 2017). Area CA1 serves as the primary output
pathway from the hippocampus to neocortex (van Strien et al.
2009). Accordingly, a complete CA1 lesion should block hippo-
campal output to neocortex but leave the majority of the hippo-
campus intact. In this way, we evaluated the effects of a more
limited disruptionof hippocampal function. TheCA1 lesionmight
be advantageous because it spares efferent projections from CA3
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and/or because it reduces remote effects to structures that project to
the hippocampus. Hippocampal lesions have been reported to
cause volume loss in the cortex (Jarrard and Meldrum 1993;
Anagnostaras et al. 2001).

RESULTS

Neurohistological findings
In the CA1 groups, all animals sustained significant damage to
both the dorsal and ventral regions of area CA1. Figure 2A shows
two sections from a sham animal, and Figure 2B shows the extent
of a representative CA1 lesion. The mean percent damage to area
CA1was 76.1%. Sparing occurredmost frequently in the posterior-
most extent of CA1. There was also typically some extra-CA1 dam-
age in area CA3 (24.3%) and the DG (12.6%). Additionally, there
was some damage to structures immediately adjacent to area
CA1, which included the normal and unavoidable cortical damage
often observed above the dorsal hippocampus. In three rats, there
was also mild damage in the posteromedial, amygdalohippocam-
pal, and amygdalopiriform transition areas near ventral CA1.
However, this damage did not seem to affect performance as these
three rats performed similarly to the other rats in their respective
groups.

In the H groups, all animals sustained significant damage to
both the dorsal and ventral regions of the hippocampus. Figure
2C depicts the extent of a representative hippocampal lesion.
The mean percent damage to the total hippocampus was 75.2%.
The damage was most complete in areas CA1 (85.8%) and CA3
(86.9%). Sparing occurred most frequently in the dorsal- and
ventral-most extents of the DG, althoughDG damagewas still sub-
stantial (57.6%). Sparing also often occurred in the posterior-most
extent of the hippocampus. Additionally, there was some damage
to structures immediately adjacent to the hippocampus, which in-
cluded cortical damage above the dorsal hippocampus. In two rats,
there was also mild damage to the primary and secondary auditory
cortices near the intermediate hippocampus, and in one of these
two rats this damage extended to the temporal association, ectorhi-
nal, and perirhinal cortices. Again, this extra damage did not seem
to affect performance as these two rats performed similarly to the
other rats in their respective groups.

Figure 2D shows themean percent damage in eachhippocam-
pal subregion for the CA1 groups and for the H groups. There was
62.6% more CA3 damage and 45.0% more DG damage in the H

group compared to the CA1 group (CA3: t(46) = 27.4, P < 0.0001;
DG: t(46) = 10.4, P < 0.0001). Therewas also 9.7%moreCA1damage
in the H group compared to the CA1 group (t(46) = 3.1, P < 0.005).

Behavioral findings

Watermaze acquisition
In the WM First condition, where rats had no prior training, a
repeated-measures ANOVA revealed differences in acquisition
rate between the H, CA1, and control groups (F(2,21) = 7.1, P <
0.005) (Fig. 3A, left). Post hoc, pair-wise comparisons using the
Tukey–Kramer test (α = 0.05) showed that the two lesion groups
learned the platform location at a similar rate, and both groups
were impaired relative to controls. A repeated-measures ANOVA
also demonstrated differences between the three groups when
DMP training was given prior to the watermaze task (DMP First
condition; F(2,20) = 6.5, P < 0.01) (Fig. 3A, right). However, in con-
trast to the findings for the WM First condition, in the DMP First
condition the CA1 group acquired the watermaze at the same
rate as controls. The H group was impaired relative to the other
two groups (Tukey–Kramer test, α = 0.05).

Together, these results indicate that prior DMP training sub-
stantially improved watermaze acquisition, but only in rats with
CA1 lesions. A repeated-measures ANOVA showed that the CA1
group in the DMP First condition outperformed the CA1 group
in the WM First condition (F(1,14) = 15.4, P < 0.005). A similar but
smaller benefit of prior DMP training appeared for the H and
sham groups, but the effects were marginal (F(1,14) = 3.6, P = 0.08
for the H group; F(1,13) = 3.8, P = 0.07 for the sham group).

DMP performance
In the DMP First condition, where rats had no prior training, a
one-way ANOVA revealed differences in performance between
the H, CA1, and control groups during phase one on the first
day of DMP training (F(2,20) = 7.1, P < 0.005) (Fig. 4A, left). Post
hoc, pairwise comparisons showed that the two lesion groups
were impaired relative to controls (Tukey–Kramer test, α = 0.05),
and that the two lesion groups performed similarly to each other.
A one-way ANOVA also demonstrated differences in performance
on the first day of DMP training between the three groups when
watermaze training was given prior to the DMP task (F(2,21) = 6.8,
P < 0.01) (Fig. 4A, right). However, in contrast to the findings
for the DMP First condition, in the WM First condition the

CA1 group performed as well as controls.
The H group was impaired relative to the
other two groups (Tukey–Kramer test,
α = 0.05).

These results for rats with CA1 le-
sions indicate that prior watermaze train-
ing improved initial DMP performance.
That is, on the first day of training on
the DMP task, the CA1 group in the
WM First condition outperformed the
CA1 group in the DMP First condition
(t(14) = 5.2, P < 0.0005). A similar benefit
of prior watermaze training was also
observed for the H and sham groups (all
ts > 3.4, all Ps < 0.005), although the H
group remained impaired. This benefit
of watermaze training on DMP perfor-
mance may have resulted from rats learn-
ing and remembering certain features of
the task structure during their previous
experience in the watermaze (i.e., search-
ing for a platform to escape the water,

Figure 1. Experimental design. Approximately 15 d after receiving H lesions, CA1 lesions, or sham sur-
geries, rats were trained in the delayed match-to-position (DMP) task, followed 2 d later by the water-
maze (WM) task (top timeline). Different animals with the same lesions were trained on the WM task first,
followed 2 d later by the DMP task (bottom timeline). The diagram at the bottom left shows the different
platform locations used for the DMP task (where a new platform location was used each day). The
diagram at the bottom right shows the single platform location used for the WM task.
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swimming in themiddle of the pool instead of along the edges, and
using distal spatial cues as navigational guides).

During the remaining 4 d of phase one testing, the CA1 group
was no longer impaired, regardless of prior experience (data not in
Fig. 4). In the DMP First condition, mean distance swum across
days 2–5 was 3.3 ± 0.5, 7.1 ± 1.0, and 1.8 ± 0.3 m for the CA1, H,
and sham groups, respectively. A repeated-measures ANOVA dem-
onstrated differences in performance between the three groups
(F(2,20) = 16.2, P < 0.0001). Post hoc, pairwise comparisons showed
that the CA1 group performed similarly to controls, and the H
group was impaired relative to the other two groups (Tukey–
Kramer test, α = 0.05). The results were the same in the WM First
condition (1.7 ± 0.2, 6.0 ± 0.8, 1.4 ± 0.07 m for the CA1, H, and
sham groups, respectively; F(2,21) = 25.9, P < 0.0001; Tukey–
Kramer test, α = 0.05).

Similar findings were obtained during phase two testing.
In the DMP First condition (Fig. 4B, left), a repeated-measures
ANOVA revealed differences in performance between the three
groups across the three delays (F(2,20) = 17.8, P < 0.0001). Post
hoc, pairwise comparisons showed that the CA1 group performed
as well as controls, and the H group was impaired relative to the

other two groups (Tukey–Kramer test, α = 0.05). The same findings
were obtained when watermaze training was given prior to the
DMP task (F(2,21) = 18.3, P < 0.0001; Tukey–Kramer test, α = 0.05)
(Fig. 4B, right). There were no main effects of delay (DMP First:
F(2,20) = 1.4, P > 0.1; WM First: F(2,21) = 0.5, P > 0.1).

During phase three testing, CA1 lesions also did not impair
performance. In the DMP First condition (Fig. 4C, left), a one-way
ANOVA demonstrated differences between the three groups in the
percent time spent in the platform location during the probe trial
(F(2,20) = 9.7, P < 0.005). Post hoc, pairwise comparisons showed
that the CA1 group performed similarly to controls (P = 0.19),
and the H group was impaired relative to the other two groups
(Tukey–Kramer test, α = 0.05). The results were the same in the
WM First condition (F(2,21) = 9.2, P < 0.005; Tukey–Kramer test, α
= 0.05) (Fig. 4C, right).

Watermaze 43 d post surgery
In the watermaze task, rats with CA1 lesions performed much bet-
ter when they were given prior DMP training than when they had
no prior training (Fig. 3A, right). In this group, the interval be-
tween surgery and watermaze training was 43 d. By comparison,
the surgery–watermaze interval for the CA1 group not given prior
DMP training was only 15 d (Fig. 3A, left; timelines in Fig. 1). To
determine whether improved performance in the CA1 group was
related to the extended surgery–watermaze training interval (43
vs. 15 d), we assessed the performance of rats with H lesions or
CA1 lesions on the watermaze task 43 d after surgery and without
prior DMP training (timeline in Fig. 5).

Watermaze acquisitionwas impaired in both lesion groups 43
d after surgery. A repeated-measures ANOVA showed that the H

Figure 2. CA1 lesions were selective to area CA1, while hippocampal
lesions encompassed the majority of the hippocampus. Both lesions
included the entire dorsoventral extent of the hippocampus.
Photomicrographs at two coronal levels of a representative (A) sham
brain, (B) a brain with a CA1 lesion, and (C) a brain with a hippocampal
lesion. (Left to right) The sections are −2.80 and −5.40 mm posterior
to bregma. White arrows indicate the CA1 borders in each section for
the sham animal. (D) Mean percent damage to area CA1, area CA3, and
the DG for animals with CA1 lesions (n = 24) and hippocampal lesions
(n = 24). (*) denotes significant group difference, P < 0.005. Error bars in-
dicate SEM.

Figure 3. CA1 lesions impaired WM acquisition similarly to H lesions
when rats had no prior experience (WM First, left). However, the lesions
had no effect on WM acquisition when rats previously had DMP training
(DMP First, right). H lesions impaired WM acquisition regardless of prior
training. (A) Performance of H (WM First n = 8; DMP First n = 8), CA1
(WM First n = 8; DMP First n = 8), and sham (WM First n = 8; DMP First
n = 7) groups across 5 d of WM training, measured as the mean percent
time spent in the platform location during a probe trial at the beginning
of each training day. The dashed line indicates chance performance
(4%). (B) Heat maps represent the time spent in different parts of the
watermaze on probe trials during acquisition by the two H groups, the
two CA1 groups, and the two sham groups. For the color scale, red corre-
sponds to the most frequently visited areas and turquoise to the least
visited areas. Small black circles indicate platform location; error bars
indicate SEM; (*) P < 0.05 between one group and the other two
groups; (†) P < 0.05 between sham and H and P < 0.07 between sham
and CA1.
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groupwas slightlymore impaired than theH group in theWMFirst
condition, where the watermaze task was given only 15 d
after surgery (F(1,14) = 6.9, P < 0.05) (Fig. 5A, left). The CA1 group
was impaired similarly to the CA1 group in theWMFirst condition
(F(1,14) = 0.7, P > 0.1) (Fig. 5A, right). Together these findings indi-
cate that the extended surgery-training interval was not the cause
of the good watermaze performance of CA1 rats that received prior
DMP training (Fig. 3A, right).

DISCUSSION

We trained rats with either complete hippocampal lesions, CA1 le-
sions, or control surgeries in two different tasks in thewatermaze (a
conventional watermaze task and delayed match-to-position,
DMP). In one condition, rats were trained in theDMP task first, fol-
lowed by the watermaze task. In another condition, rats were
trained in the watermaze task first, followed by the DMP task.
Ordinarily, hippocampal lesions and CA1 lesions impair perfor-
mance in both tasks. Yet, with CA1 lesions, rats were intact in
the watermaze task when they had prior DMP training, and they
were intact in the DMP task when they had prior watermaze train-
ing. In contrast, rats with hippocampal lesions were impaired in
both tasks regardless of prior training.

It is perhaps not surprising that rats with large hippocampal
lesions did not benefit from prior experience. In earlier work, rats
with hippocampal lesions did not benefit from prior training,
even when they had been trained on the same kind of task
(Bannerman et al. 1995; Moser and Moser 1998; Steele and
Morris 1999). In contrast, in our study, rats withCA1 lesions exhib-
ited striking benefits fromprior training, evenwhen the prior train-
ing involved different tasks. Thus, rats with CA1 lesions acquired
the watermaze (after prior DMP training) as well as controls. And
they acquired the DMP task (after prior watermaze training) as
well as controls. To our knowledge, such a substantial benefit of
prior training on the learning of a different task has not been dem-
onstrated in rats with lesions in the hippocampus.

We considered, in the case of the watermaze, that perfor-
mance might have benefited from the extended interval between
surgery and watermaze training (43 d) that was needed in order
to interpose DMP training. However, watermaze acquisition was
not improved in rats with either CA1 or hippocampal lesions
when rats were given the same extended surgery–watermaze inter-
val but without prior DMP training (Fig. 5).

We also noted that rats altered their swim pattern as they per-
formed, which might have helped them learn a second task in the
watermaze environment. For example, when DMP training was
scheduled first, all three groups subsequently spent less time swim-
ming along the edges of the pool during watermaze training than
they did when watermaze training was scheduled first (see heat
maps in Fig. 3). This effect could have contributed to the finding

Figure 4. DMP performance after H lesions (DMP First n = 8; WM First
n = 8), after CA1 lesions (DMP First n = 8; WM First n = 8), and for sham
animals (DMP First n = 7; WM First n = 8). CA1 lesions impaired early
DMP performance when rats had no prior experience (DMP First, left),
but the lesions had no effect when rats had prior WM training (WM
First, right). H lesions impaired DMP performance regardless of prior
training. (A) Performance on the first day of DMP testing during phase
one (four trials separated by 15-sec delays), measured as the mean dis-
tance traveled to reach the platform on each trial. (*) P < 0.05. (B)
Performance during the second phase of DMP testing (two trials separat-
ed by 1-min, 90-min, or 6-h delays) across the three delays, measured as
the mean distance traveled to reach the platform during trial 2. Dashed
lines indicate the distance traveled to reach the platform in trial 1 (T1) av-
eraged across all three groups at all three delays (DMP First = 11.4 m;
WM First = 11.5 m; the three groups in each condition performed simi-
larly in T1); (*) P < 0.05 between the H group and the other two groups;
(†) P < 0.05 between H and sham and P < 0.06 between H and CA1. (C)
Performance during the last phase of DMP testing (one trial and one
test probe separated by a 1-min delay), measured as the mean percent
time spent in the platform location during the test probe. Chance perfor-
mance was 4%. (*) P < 0.05. Error bars indicate SEM.

Figure 5. Rats with H lesions or CA1 lesions were trained on theWM task
43 d after surgery (and without prior DMP training). WM acquisition was
impaired after H lesions (blue, left; n = 8) as well as after CA1 lesions (red,
right; n = 8). For comparison, WM data are included in each panel from
Figure 3 (left) for the WM First condition (gray; H n = 8; CA1 n = 8),
where animals were given the WM task 15 d after surgery (also without
prior DMP training). Note that controls given the watermaze task
without prior DMP training attained scores above 16% by day 4 (Figure
3, left). The dashed line indicates chance performance (4%); Error bars in-
dicate SEM; (†) P < 0.07.
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that all three groups performed at least marginally better on the
watermaze task if watermaze training was preceded by DMP train-
ing (cf. Fig. 3, left and right). However, after DMP training, rats
with large hippocampal lesions were still severely impaired at the
watermaze in comparison to the other two groups, even with
the potential benefit of this swimming strategy. Accordingly, the
development of a swim strategy does not readily account for the
advantage of prior training found selectively in animals with CA1
lesions.

Why was there a difference between the effects of hippocam-
pal and CA1 lesions when both lesions would be expected to
disrupt hippocampal function? One possibility is that large hippo-
campal lesions caused remote effects, such as volume loss in the
cortex (Jarrard and Meldrum 1993; Anagnostaras et al. 2001).
Because CA1 lesions spared the majority of the projections to the
hippocampus, such lesions could have reduced remote effects
(such as volume loss) and thereby preserved function in adjacent
structures important for learning. We evaluated the possible role
of cortical volume loss in a sample of 60% of all animals and found
a similar, modest reduction in cortical volume after hippocampal
and CA1 lesions (8.8% and 12.7%, respectively). Thus, cortical vol-
ume loss does not appear to account for the different findings after
hippocampal and CA1 lesions, though we cannot rule out the pos-
sible importance of other remote effects caused by hippocampal
lesions.

Another possible explanation for the behavioral differences
between the two lesion groups turns on the descending projection
from area CA3 to the septum (Witter 2007), which remains intact
after CA1 lesions but not after large hippocampal lesions. The sep-
tum projects to the thalamus (Swanson and Cowan 1979) and
might thereby provide an alternative pathway for hippocampal
output to reach neocortex. Still, another possibility is that spared
CA1 tissue was able to support hippocampal output to neocortex.
CA1 lesions did leave nearly 24% of area CA1 intact, somewhat
more than the 14% that was spared with large hippocampal
lesions.

One puzzling aspect of these findings is that DMP perfor-
mance was intact after CA1 lesions, even without prior experience,
once 1 d of training (four trials) had been given (Fig. 4B,C, left).
This finding might reflect spared function in area CA3. Area CA3
has been proposed to be important for one-trial learning (Rolls
2013).

Note that rats with CA1 lesions were impaired at watermaze
acquisition and at the early stage of DMP training when they
had no prior training but were intact when they had prior training.
Accordingly, we suggest that prior experience is the critical factor
in understanding the effect of CA1 lesions. As rats gained experi-
ence in one of our tasks, conventional watermaze or DMP, they
formed memories of many features common to both tasks: a plat-
form is to be found, the platform is not at the edges, distal cues are
important. These memories may have gradually organized into a
coherent framework, a schema (Morris 2006), which facilitated
the learning of new, but related information (see Inglis et al.
2013). Thus, when rats were given DMP training (or watermaze
training), they developed a schema from their experience that sub-
sequently facilitated learning in the other task.

Similarly, Tse et al. (2007) demonstrated that schemas can fa-
cilitate learning in a flavor-place, paired associate task. After exten-
sive training, rats were able to learn new flavor-place pairs faster
than when they had less experience in the task. The current study
builds on these findings by demonstrating that schemas can be
useful evenwhen a previously learned task and a new task are quite
different. Thus, we suggest that experience with the training envi-
ronment and with features common to the two tasks can be suffi-
cient to form a useful schema. In earlierworkwith rats, impairment
in a visual discrimination task following visual cortical lesions was

reduced by prior experience with a conceptually similar task
trained in a different modality (Clark and Delay 1991).

Additionally, Tse et al. (2007) demonstrated that once a
schema was in place, memories for new flavor–place pairs became
rapidly independent of the hippocampus and could survive a hip-
pocampal lesion given as soon as 48 h after learning. In contrast,
hippocampal lesions impaired performance of the paired associate
task if lesions were made prior to training (and schema formation).
Thus, Tse et al. (2007) suggest that the hippocampus is needed to
form schemas, most likely in the neocortex. Note that, in the cur-
rent study, rats with CA1 lesions exhibited schema-based learning
despite receiving lesions prior to training. Because prior experience
benefited rats with CA1 lesions, but not rats with large hippocam-
pal lesions, we suggest that hippocampal function (in areas up-
stream of CA1) may be important for schema formation.

In summary, rats with large hippocampal lesions or restricted
CA1 lesions were impaired in the watermaze task and in the DMP
task. However, when given prior training with one task, CA1 le-
sions had no effect on performance in the other task. In contrast,
rats with hippocampal lesions did not benefit from prior training.
The concept of schema may be useful for understanding the
benefits of past experience. Because experience with one task can
benefit subsequent learning in a different task, we suggest that fea-
tures common to the two tasks are required to form a functional
schema. This idea leads to the prediction that benefits of prior
experience should not be expected across two tasks that are funda-
mentally different (see Wiltgen et al. 2011).

Materials and Methods

Subjects
Subjects were 63 experimentally naive, male Long-Evans rats that
received either hippocampal lesions, CA1 lesions, or sham surger-
ies. After recovery, rats were trained in two spatial tasks: the water-
maze task and the DMP task, a variation of the watermaze task that
involves one-trial learning. In one condition, training occurred
first in the DMP task, followed 2 d later by the watermaze task
(DMP First; H n = 8, CA1 n = 8, sham n = 7). In a second condition,
training occurred first in the watermaze task, followed 2 d later by
the DMP task (WM First; H n = 8, CA1 n = 8, sham n = 8). Timelines
are shown in Figure 1. Additionally, in a third condition, training
in the watermaze task occurred at the same interval after surgery
as the DMP First group (43 d), but without prior DMP training
(WM After Delay; H n = 8, CA1 n = 8). The timeline for this condi-
tion is shown in Figure 5. All rats weighed between 320 and 350
g at the time of surgery. They were maintained on a 12:12 h
light:dark cycle and were housed individually. Food and water
were freely available. All experimental procedures were approved
by the Institutional Animal Care and Use Committee at the
University of California, San Diego.

Surgery
Anesthesia wasmaintained throughout surgery with isoflurane gas
(0.8%–2.0% isoflurane delivered in O2 at 1 L/min). The rat was
placed in a Kopf stereotaxic instrument, and the incisor bar was ad-
justed until Bregma was level with Lambda. For hippocampal and
CA1 lesions, ibotenic acid (IBO; Biosearch Technologies) dissolved
in 0.1 M PBS (concentration: 10 mg/mL, pH 7.4) was injected into
dorsal and ventral regions of the hippocampus using a 10mL, 30-g
Hamilton syringe. The syringe was held in a Kopf microinjector
(model 5000) and mounted on a stereotaxic frame. The syringe
was first lowered to the target coordinate and left in place for 1
min. After injection (at a rate of 0.1 mL/min), the syringe stayed
at the target coordinate for 2 min to prevent IBO from spreading
up the syringe tract upon its retraction. For CA1 lesions, IBO was
injected into 14 sites per hemisphere (0.025 µL/site, unless other-
wise noted). For certain injection sites in ventral CA1 (noted
below), the syringe was left in place for 5 min to ensure that IBO
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would not spread up the syringe track (where it might cause unin-
tended damage to CA3 or the dentate gyrus). All coordinates are in
millimeters, anteroposterior (AP) relative to Bregma, mediolateral
(ML) relative to Lambda, and dorsoventral (DV) relative to the
brain surface at −4.8 mm from Bregma and ±4.2 mm from
Lambda: AP −2, ML ±1, DV −2.9; AP −3.6, ML ±1, DV −2.7; AP
−3.6, ML ±2, DV −1.9; AP −4.5, ML ±1.4, DV −3.3; AP −4.5, ML
±2.7, DV −1.8; AP −4.5, ML ±4.5, DV −7.9 (waited 5 min before re-
tracting syringe); AP −5.3, ML ±3, DV −1.7; AP −5.3, ML ±4.8, DV
−8 (waited 5 min before retracting syringe); AP −5.3, ML ±4.8, DV
−2.4; AP −5.3, ML ±5.8, DV −7.5; AP −5.3, ML ±5.8, DV −5.7; AP
−5.3, ML ±5.8, DV −3.9; AP −6.3, ML ±5.4, DV −3 (injected 0.05
µL IBO); AP−6.3,ML ±6.3, DV−5.7 (injected 0.05 µL IBO). For hip-
pocampal lesions, IBOwas injected into 18 sites per hemisphere as
in Clark et al. (2000). For sham surgeries, rats underwent the same
surgical procedures up to the point of the craniotomy. Once awake
and responsive, each rat was returned to its home cage for 13–21 d
of recovery.

Apparatus
DMP and watermaze training were conducted in a pool of water
(1.8-m diameter at the water level) that was rendered opaque by
the addition of powderedmilk. The testing roomcontained a num-
ber of constant, salient visual cues (posters, objects, and equip-
ment). A video camera mounted on the ceiling directly above the
pool was used in conjunction with a video tracking system (San
Diego Instruments) to record the swim path of each rat. An
Atlantis platform (12.7-cm diameter) was used that could be raised
or lowered remotely (Spooner et al. 1994). In the lowered position,
the platform was undetectable and unavailable. In the raised posi-
tion (1.5 cmbelow the surface of thewater), the platform remained
invisible, but provided a means to escape the water.

Behavioral training

DMP
Rats learned a new platform location each day during three phases
of training. Briefly, the platform was moved to a new location at
the beginning of each training day, and in the first trial rats had
to find the platformwithout any knowledge of its location. In sub-
sequent trials on the same day, rats could find the platform by re-
calling where it was located in trial 1.

The first phase consisted of five training days. Each day, a trial
beganwhen a ratwas placed in thewater facing the poolwall at one
of four start points (whichwere changed for each trial and counter-
balanced across animals during training). The platformwas kept in
the raised position throughout the trial, allowing the rats to escape
from the water. Rats were given up to 2min to escape the water be-
fore being guided to the platform by the experimenter. After escap-
ing thewater, rats remained on the platform for 30 sec before being
returned to their home cage. Three more training trials were given
on the same day using the same platform location (15-sec delay be-
tween trials). Performancewasmeasured as the distance traveled to
reach the platform, averaged across trials 2–4 each day.

The second phase consisted of 12 training days. Each day,
rats received two training trials with either a 1-min, a 20-min, or
a 6-h delay between the two trials. Rats were tested with each of
the three delays on four separate days. The order in which the de-
lays were given was mixed and counterbalanced across animals.
Performancewith each delay wasmeasured as the distance traveled
to reach the platform during trial 2, averaged across the four times
the rats experienced that delay.

The third phase of the DMP task was conducted in 1 d. Rats
received one training trial with a newplatform location and one re-
inforced probe trial separated by a 1-min delay. The probe trials
were similar to the training trials, except that the platformwas low-
ered for the first 60 sec. After the platformwas raised, rats were giv-
en up to 1 min to escape the water before being guided to the
platform by the experimenter. Rats remained on the platform for
30 sec before being returned to their home cage. Performance
was measured as the percentage of time that each rat spent in the

circular zone directly above the platform location during the first
60 sec of the probe trial (chance = 4%).

Watermaze acquisition
Rats learned a single platform location across 5 d of training. There
were 5 trials/day: a reinforced probe trial followed by four training
trials (as described above for DMP training) with delays between
the trials of about 10 min. As with the DMP task, the start point
was changed for each trial and counterbalanced across animals
during training. Performance was measured as the percentage of
time that each rat spent in the circular zone directly above the plat-
form location during the first 60 sec of the probe trial at the begin-
ning of each day (chance = 4%).

Histology
At completion of testing, the rats were administered an overdose of
sodium pentobarbital and perfused transcardially with buffered
0.9% NaCl solution followed by 10% formaldehyde solution (in
0.1 M phosphate buffer). The brains were removed and cryopro-
tected in 20% glycerol/10% formaldehyde. Coronal sections (50
µm) were cut with a freezing microtome beginning at the level of
the anterior commissure and continuing caudally through the
length of the hippocampus. Every fifth section was mounted and
stained with thionin to assess the extent of the lesions.

Images of the thionin-stained tissue sections were acquired
using a DM6000 microscope (Leica Microsystems, Inc.). The imag-
es from every other mounted section were then analyzed using
Stereo Investigator software (mbf Bioscience; MicroBrightField).
The volumes of spared tissue in CA1, CA3, and DGwere calculated
using the Cavalieri method (as in Hales et al. 2014). This analysis
was conducted for all lesion rats and eight sham rats (four from
the WM First condition, four from the DMP First condition).
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