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The multiple memory systems framework proposes that distinct
circuits process and store different sorts of information; for exam-
ple, spatial information is processed by a circuit that includes the
hippocampus, whereas certain forms of instrumental conditioning
depend on the striatum. Disruption of hippocampal function can
enhance striatum-dependent learning in some paradigms, which
has been interpreted as evidence that these systems can compete
with one another in an intact animal. However, it remains unclear
whether such competition can occur in the opposite direction, as
suggested by the multiple memory systems framework, or is
unidirectional. We addressed this question using lesions and ge-
netic manipulations in mice. Impairment of dorsal striatal function
with either excitotoxic lesions or transgenic inhibition of the transcrip-
tion factor cAMP response element-binding protein, which disrupts
striatal synaptic plasticity, impaired striatum-dependent cued learning
but enhanced hippocampus-dependent spatial learning. Conversely,
excitotoxic lesions of the dorsal hippocampus disrupted spatial learning
and enhanced cued learning. This double dissociation demonstrates
bidirectional competition that constitutes strong evidence for the par-
allel operation of distinct memory systems.

basal ganglia � cAMP response element-binding protein � habit �
learning and memory � procedural learning

Navigating a complex environment requires processing differ-
ent configurations of salient information (1). The multiple

memory systems model proposes that distinct brain circuits are
adapted to store different sorts of information (2–4). For example,
spatial learning requires the dorsal hippocampus (5), and lesions or
more subtle disruptions of the dorsal hippocampus impair perfor-
mance in spatial tasks (6–8). In contrast, the dorsal striatum is
involved in stimulus-response learning (9–11), and lesions or more
subtle functional disruptions of the dorsal striatum impair perfor-
mance in cue-response and cue-driven navigation tasks (12–16).
Similarly, in humans, hippocampal pathology can disrupt spatial
learning and memory (along with declarative memory more gen-
erally), but leave striatum-dependent procedural learning intact
(17, 18). Conversely, striatal pathology can produce the opposite
pattern of effects (17, 19).

The nature of interactions between these systems during
learning remains unclear (20, 21). When a task can be learned
in different ways, a spatial strategy is often acquired first, with
a more stereotyped cue-response strategy coming to dominate
after repeated training (14, 16). The medial temporal lobe
system can partially compensate for striatal dysfunction in some
instances of basal ganglia pathology (22, 23). In circumstances in
which the two systems produce different behavioral outputs, it
has been proposed that they may interfere with one another, or
compete, during learning (4, 24). A clear demonstration of such
competition would constitute perhaps the strongest argument
for the existence of parallel memory systems. Human neuroim-
aging studies have revealed an inverse relationship between
activation of striatum and hippocampus during certain learning
tasks (25, 26). In rodents, hippocampal lesions can enhance
acquisition of a striatum-dependent win-stay behavioral strategy

in a radial arm maze task (12, 27), perhaps by removing
competitive interference from spatial information.

To date, however, we are aware of no studies that have
provided clear evidence for interference by striatum-dependent
processes on hippocampus-dependent learning; as a result, it
remains unclear whether there is true bi-directional competition
between these learning systems. We addressed this question in
WT and transgenic mice by using a water maze navigation task
that permits parallel assessment of spatial and cued learning
(13). We find that pre-training excitotoxic lesions of the dorsal
striatum disrupt striatum-dependent learning and enhance hip-
pocampus-dependent spatial learning. Similarly, interference
with hypothesized mechanisms of striatal synaptic plasticity
through inhibition of the transcription factor cAMP response
element-binding protein (CREB) in transgenic mice (8, 16)
impairs cued learning and enhances spatial learning. Conversely,
disruption of the dorsal hippocampus impairs spatial learning
but enhances striatum-dependent cued learning. This double
dissociation reveals bidirectional competition between striatum
and hippocampus and constitutes strong evidence for the parallel
operation of distinct memory systems.

Results
Dorsal Striatal Lesions Impair Cued Learning and Enhance Spatial
Learning. Cued and spatial learning were assayed in mice by using
a water-maze task modified from that described previously in
rats by Packard and McGaugh (13) (see Materials and Methods).
We hypothesized that pre-training excitotoxic lesions would
disrupt cued but not spatial learning. Lesioned and control mice
(Fig. 1A) were trained in either a cued or a spatial task for 7 days
[supporting information (SI) Figs. S1 and S2] (n � 8 control,
cued; n � 8 lesioned, cued; n � 9 control, spatial; n � 7 lesioned,
spatial). Learning was assayed by probe trials, in which we
quantified bias toward the goal cue (or quadrant) relative to the
lure. As hypothesized, control animals trained in the cued task
showed a goal-quadrant bias on both day 3 (Fig. 1B; two-tailed
paired t test, t � 3.21; P � 0.016) and day 7 (t � 3.65; P � 0.08;
Fig. 1). Striatal lesioned animals showed no similar bias on any
trial (all P � 0.3). The difference between groups was significant
on day 3 (two-tailed unpaired t test of goal-lure difference, t �
3.02; P � 0.007), although only at trend level on day 7 (P � 0.1),
because some of the lesioned animals had begun to show some
goal-quadrant bias and the group therefore showed a greater
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variance. Similar effects were seen when data were analyzed by
target zone occupancy or cue proximity (not shown).

To test effects and interactions beyond these predicted effects,
we analyzed all probe trials in a linear mixed model, with task
(i.e., cued vs. spatial) and condition (i.e., lesion vs. control) as
between-subject factors and probe trial day and quadrant (i.e.,
goal vs. lure) as within-subject factors. This analysis revealed a
significant lesion-task-quadrant interaction (F[1,145] � 5.35;
P � 0.02), indicating that lesions differentially affected quadrant
bias in the two tasks. It also confirmed the effect of striatal
lesions on the cued task: control animals showed a quadrant bias
across probe trials (P � 0.035), on day 3 (P � 0.005), and on day

7 (P � 0.06); whereas lesioned animals showed no significant bias
(all P � 0.2). The differential cue bias between groups was again
significant on day 3 (P � 0.045).

We hypothesized that the effect of striatal lesions would be
specific to the cued task—that is, that the spatial task would not
be impaired by striatal dysfunction. The spatial task was learned
more quickly than the cued task and resulted in more robust
goal-cue biases; this recapitulates the pattern seen in rats (13)
and in our own extensive pilot experiments (not shown). In the
spatial task, both groups showed a clear goal bias on all probe
trials (Fig. 1C; both groups, P � 0.0005 across probe trials).
There was a highly significant effect of lesion on performance in
the spatial task (P � 0.0005 across probe trials): lesions enhanced
goal bias in the spatial task (Fig. 1). Similar effects were seen
when data were analyzed by target zone occupancy or cue
proximity (not shown).

This combination of impaired cued learning and enhanced
spatial learning after a striatal lesion suggests alleviation of
‘‘normal’’ competition between memory systems during learn-
ing. Because an enhancement of spatial learning by striatal
impairment has been hypothesized (4) but, to our knowledge,
never observed, we replicated the effect in an independent
cohort of mice after the creation of slightly larger excitotoxic
dorsal striatal lesions (Fig. 1D). Animals were trained in the
spatial task for 5 days (Fig. S3); training was conducted for only
5 days because pilot experiments showed control animals to
always learn the spatial task in this time (whereas 7 days are
sometimes required for acquisition of the cued task). On day 3,
lesioned animals (n � 9) showed clear learning (Fig. 1E;
two-tailed paired t test of goal vs. lure, t � 2.99, P � 0.017).
Control animals learned more slowly in this experiment than in
the first experiment (Fig. 1C) and had not yet achieved a
significant goal-quadrant bias by day 3 (n � 7; t � �0.062; P �
0.9); this represents inter-experiment variability in the rate of
learning as a result of environmental variables, but it enables us
to see the enhancement of learning after the lesion with partic-
ular clarity in this experiment. After 5 days of training, both
groups showed a clear goal bias (lesioned, t � 4.16, P � 0.003;
control, t � 4.69, P � 0.003). When all data were analyzed by
linear mixed model, the group-day-quadrant interaction was
significant (F[1,42] � 4.65; P � 0.037). The effect of lesion was
significant on day 3 (P � 0.005). Therefore, as in the first
experiment, the striatal lesion enhanced (and/or accelerated)
spatial learning in this task.

A degree of extinction is likely to occur over the course of a
probe trial as an animal learns that the platform is not present;
indeed, in pilot experiments we found repeated probe trials to
result in reduced quadrant bias in later trials, especially in the
cued task (not shown). Differential performance on later probe
trials may therefore derive from differential extinction on earlier
trials. However, the enhancement of spatial learning seen after
striatal lesions is apparent in the first probe trial in both
experiments (Fig. 1 C and E). Therefore, although we cannot
exclude the possibility that striatal lesions affect extinction
during probe trials, any such effect cannot explain the enhance-
ment of spatial learning observed. Likewise, a series of control
experiments ruled out the possibility that an effect of lesions on
anxiety explained the differential impact on the spatial and cued
tasks (Fig. S4). Swim speed did not differ between the groups
(Fig. S4 C and F).

Disruption of Striatal Synaptic Plasticity in Transgenic Mice Also
Impairs Cued Learning and Enhances Spatial Learning. An advantage
of investigating striatum-dependent learning tasks in mice is the
opportunity to probe the underlying cellular and molecular
mechanisms by using genetic manipulations (16). In many cases,
such manipulations allow a greater degree of cellular and
molecular specificity than is possible in other experimental

Fig. 1. Dorsal striatal lesions impair cued learning and enhance spatial
learning. (A) Minimum and maximum extent of lesions used in this experiment
(adapted from ref. 46). No lesions extended into ventral striatum or affected
amygdala, hippocampus, or thalamus; one animal was excluded because of
unilateral extension of the lesion into the ventral striatum. (B) Cued learning,
shown by occupancy in goal quadrant (black bars) and lure quadrant (gray
bars) during probe trials. A significant bias toward the goal quadrant was seen
on day 3 of training in control mice (n � 8) but not lesioned mice (n � 8). The
same trends were apparent on day 7 (mean � SEM; see text for statistics). (C)
Spatial learning in day-3 and day-7 probe trials showing quadrant occupancy.
Both lesioned and control mice showed clear spatial learning on all probe
trials, with lesioned animals (n � 7) consistently showing greater spatial bias
than controls (n � 9); this was significant on all days. (D) Somewhat larger
dorsal striatal lesions were produced by stereotactic injection of NMDA;
minimum and maximum lesion extent are shown. No lesions extended into
ventral striatum, amygdala, hippocampus, or thalamus. (E) Striatal lesions
accelerated spatial learning, shown by differential goal (black) and lure (gray)
quadrant occupancy during day-3 and day-5 probe trials (n � 9 lesioned, n �
7 control; mean � SEM; see text for details of statistical analysis). †, P � 0.1; *,
P � 0.05; **, P � 0.01; ***, P � 0.005.
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systems. We have previously described transgenic mice express-
ing a dominant-negative mutant of the transcription factor
CREB, KCREB, exclusively in the striatum, and predominantly
in the dorsal striatum. CREB has been shown to have a role in
long-lasting synaptic plasticity and in learning in numerous
systems (28, 29); KCREB-expressing transgenic mice have a
marked deficit in cortico-striatal synaptic plasticity (16). We
tested these transgenic mice in cued and spatial learning in our
water maze task to determine whether this disruption of cortico-
striatal plasticity would be accompanied by an impairment in
cued learning and an enhancement in spatial learning.

KCREB transgenic mice and litter-mate controls were trained
in either the cued or the spatial task for 7 days, as before (Fig.
S5; n � 8 KCREB-spatial, n � 10 KCREB-cued; n � 8
control-spatial; n � 7 control-cued). In the cued task, control
animals showed a clear bias toward the goal by day 7 (Fig. 2A;
two-tailed paired t test, t � 3.25; P � 0.023), whereas transgenic
animals did not (t � .356; P � 0.5). This effect of genotype was
significant (two-tailed t test of goal-lure difference, t � 2.57; P �
0.02), confirming that impairment of striatal CREB function,
which disrupts cortico-striatal synaptic plasticity, impairs cued
learning in this water maze task.

We again analyzed all data using a linear mixed model. This

revealed a main effect of task (F[1,140] � 4.72; P � 0.03) as well
as a nearly significant genotype-task-quadrant interaction
(F[1,140] � 3.49; P � 0.064), suggesting that striatal KCREB
expression, like striatal excitotoxic lesions, affected the two tasks
differentially. The mixed-model analysis recapitulated effects in
the cued task described in the primary analysis: control animals
showed a clear goal bias on day 7 (P � 0.001), whereas transgenic
animals showed no goal bias on any day (all P � 0.2). The effect
of genotype on goal bias was significant on day 7 (P � 0.04).

In the spatial task, the effect of genotype on quadrant bias was
highly significant (Fig. 2B; P � 0.0001). Control animals showed a
trend toward spatial learning on day 3 (P � 0.094) and a clear spatial
bias on the day 7 probe trial (P � 0.0001), whereas transgenic
animals showed a highly significant spatial bias on all probe days (all
P � 0.0001). The effect of transgene on quadrant bias in the spatial
task was significant both across probe trials and specifically on day
3 (both P � 0.0001). Therefore, impairment of striatal CREB
function and plasticity enhances spatial learning similarly to more
profound striatal disruption by excitotoxic lesion.

KCREB Transgenic Mice Continue to Show Accelerated Learning upon
Spatial Reversal. If this enhancement of spatial learning derives
from alleviation of competition, learning of a new spatial
location should likewise be accelerated. To test this hypothesis,
we conducted a spatial reversal on these KCREB animals. After
2 days of reminder training, animals trained in the spatial task
continued to show clear bias toward the goal quadrant (Fig. 2C;
transgenic, n � 9; paired t test, t � 2.45, P � 0.04; WT, n � 7;
paired t test, t � 3.21, P � 0.02), with no statistically significant
difference between genotypes.

We then continued training but switched the goal to the
diametrically opposite quadrant. This manipulation dramatically
increased the latency to escape (Fig. S5D). In a probe trial at the
end of the first day of reversal training (i.e., after three training
trials), transgenic animals showed clear spatial bias (Fig. 2C;
paired t test, t � 2.314; P � 0.049), whereas controls did not (t �
�0.27; P � 0.7); this predicted that enhancement of spatial
learning in transgenic mice was significant (one-tailed t test of
goal-lure occupancy difference, t � 1.99; P � 0.033). In contrast,
after 4 days of reversal training, both groups showed spatial bias,
with no significant difference between groups (Fig. 2C). There-
fore, disruption of striatal information processing in these
transgenic mice accelerates spatial learning on original learning
and reversal and does not result in cognitive inflexibility or
perseverative search, at least as assayed by this measure.

As in the case of striatal lesions, we speculated that alterations
in anxiety might influence the balance between cued and spatial
learning and thus confound our results. However, analysis in the
elevated plus maze did not reveal any substantial effect of
genotype on anxiety, and there was no difference in thigmotaxis
between KCREB animals and controls. Likewise, total activity
as measured in an open field was unchanged by the KCREB
transgene. There was no significant difference between trans-
genic animals and controls in swim speed (Fig. S6).

Lesions of Dorsal Hippocampus Impair Spatial Learning and Potentiate
Cued Learning. Because of the well established role of the dorsal
hippocampus in spatial learning (5, 6), we hypothesized that
dorsal hippocampal lesions would specifically disrupt learning in
the spatial task. We further hypothesized that such lesions would
also potentiate cued learning, as has been seen in certain other
striatum-dependent tasks (12, 27). Excitotoxic lesions of dorsal
hippocampus were produced by stereotaxic infusion of NMDA
(30) (Fig. 3A). Lesioned and sham-operated control animals
were trained in either the spatial or cued task, with 5 days of
two-cue training (Fig. S7; n � 13 lesioned, spatial; n � 12 control,
spatial; n � 15 lesioned, cued; n � 13 control, cued).

In the spatial task, control animals showed clear learning on both
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Fig. 2. Impairment of striatal plasticity through inhibition of the transcrip-
tion factor CREB impairs cued learning and enhances spatial learning. (A)
Transgenic animals with impaired CREB activity in the dorsal striatum (16) (n �
10) showed no learning of the cued task after 7 days of training, whereas
control animals (n � 7) showed significant bias toward the goal quadrant
(black) relative to the lure quadrant (gray) by day 7 (mean � SEM; see text for
statistics). (B) Transgenic animals (n � 8) showed robust spatial learning by the
third day of training in the spatial task, whereas controls (n � 8) required
further training to develop a spatial bias; this enhancement in spatial learning
recapitulates that seen after dorsal striatal lesions (Fig. 1). (C) Transgenic
animals again show accelerated spatial learning after a spatial reversal. Spatial
bias toward the original training quadrant persisted after 2 days of reminder
training in both groups. After 1 day of reversal, learning of the new spatial
location was exhibited by transgenic animals but not controls; both groups
exhibited spatial learning after more extensive reversal training (all graphs
display mean � SEM; see text for details of statistical analysis). †, P � 0.1; *, P �
0.05; **, P � 0.01; ***, P � 0.005.
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day 3 (Fig. 3B; two-tailed paired t test, t � 3.05; P � 0.01) and day
5 (t � 5.36; P � 0.001), whereas lesioned animals showed no
evidence of learning on day 3 (t � 0.54; P � 0.6) and only modestly
significant learning on day 5 (t � 2.29; P � 0.043). The difference
between groups was at trend level on day 3 (two-tailed t test of
goal-lure difference, t � 1.736; P � 0.097) and robustly significant
on day 5 (t � 3.79; P � 0.002). Therefore, as predicted, hippocampal
lesions impair learning in the spatial task.

To examine all comparisons and interactions, we again ana-
lyzed all probe trial data by using a linear mixed model. This
analysis revealed a significant lesion-task-quadrant interaction
(F[1,147] � 14.85; P � 0.0002), indicating that the hippocampal
lesions influenced goal bias in the two tasks differentially, and
showed the same significant effects in the spatial task as our
primary analysis. In the cued task, control animals developed
only a weak bias toward the goal quadrant, which did not reach
significance (Fig. 3C). This is consistent with pilot experiments
in which cued learning was often not learned until day 7 (not
shown; see also Fig. 2). In contrast, the lesioned animals
developed a bias toward the goal quadrant after 5 days of
training (P � 0.01). The effect of lesion on performance in the
cued task was of borderline significance (Fig. 3C; P � 0.058). The
effect of lesion was more clearly apparent when probe trial data
were analyzed by occupancy in a 25-cm-diameter zone around
the goal and lure cues (Fig. 3D); linear mixed model analysis of
these data similarly showed a significant lesion-task-quadrant
interaction (F[1,147] � 13.52; P � 0.0003). Lesioned animals
showed clear learning on day 5 by this metric (P � 0.002) whereas
control animals showed a trend (P � 0.065), and the difference
between the two was significant (P � 0.013). This indicates that
hippocampal lesions, which disrupt spatial learning, can enhance
cued learning in this water maze task.

Control experiments showed that these hippocampal lesions
did not lead to significant changes in anxiety or basal activity; the
two groups showed no differences in swim speed (Fig. S8).

Discussion
The multiple memory systems theory suggests that dissociable
neural circuits process and store information in distinct ways (2, 3).
In many circumstances, these are likely to complement each other,
but under some conditions they may compete for control of
behavioral output during learning or performance (4). Enhance-
ment of striatum-dependent learning after hippocampal disruption
in a radial arm maze paradigm (12, 27) suggests that the hippocam-
pus can inhibit striatum-dependent processing. However, we are
aware of no evidence that these parallel systems compete bidirec-
tionally, as predicted by the multiple memory systems model (3).
The absence of a clear demonstration of bidirectional competition
has left open several questions about the relationship between these
two memory systems, such as whether they are recruited in parallel
or in series and whether their interactions are more likely to be
mediated by direct projections or through the participation of a
downstream structure.

We describe a double dissociation between hippocampus-
dependent and striatum-dependent systems that demonstrates
such bidirectional competition. In a water maze task in which
cued and spatial learning can be assayed in parallel, we find that
dorsal striatal lesions both disrupt cued learning and enhance
spatial learning. Similarly, disruption of dorsal striatal plasticity
through expression of a dominant-interfering mutant of CREB
(16) disrupts cued learning but enhances spatial learning. Fi-
nally, excitotoxic lesions of the dorsal hippocampus produce the
converse patterns of effects, impairing spatial learning while
accelerating cued learning. The results demonstrate that hip-

Fig. 3. Hippocampal lesions impair spatial learning and enhance cued learning. (A) Minimum and maximum hippocampal lesions at two rostro-caudal levels
(adapted from ref. 46). (B) Hippocampal lesions impaired spatial learning, as assayed in probe trials after 3 and 5 days of training (n � 13 lesioned, spatial; n �
12 control, spatial; n � 15 lesioned, cued; n � 13 control, cued; see text for statistical analysis). (C) Hippocampal lesions enhanced cued learning. Lesioned animals
showed significant learning on day 5, whereas controls showed only a trend goal bias that did not reach significance at this time point. (D) Similar effects in the
cued task were seen in an alternate analysis, wherein probe trial data were analyzed by occupancy in circular zones (25 cm diameter) around goal and lure cues.
See text for statistical analysis. All data are mean � SEM; †, P � 0.1; *, P � 0.05; **, P � 0.01; ***, P � 0.005.
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pocampus-dependent spatial learning in mice occurs more
quickly and more robustly than striatum-dependent cued learn-
ing, recapitulating what has previously been described in the rat
(13). As a consequence, enhanced spatial learning after striatal
manipulations is particularly striking at early time points (Fig. 1
C and E).

These results substantially clarify the nature of the interactions
between these two systems during learning of a task in which
both can be recruited. Interference by the hippocampus and
associated medial temporal lobe structures with striatum-
dependent processes may be mediated by direct projections (31)
that appear to have an inhibitory effect on striatal function (32).
However, there is no known similarly direct projection from the
striatum, or the basal ganglia system more generally, to the
medial temporal lobe. Therefore, although unidirectional com-
petition—interference by hippocampal activity with striatum-
dependent learning processes—may result from direct projec-
tions, the bidirectional competition we document is likely to
require the involvement of other brain areas, such as medial
frontal cortex (33–35) or amygdala (4, 36, 37).

Our results also shed light on the temporal relationship between
hippocampus- and striatum-dependent processes during learning.
Numerous studies suggest that, when both strategies can lead to
successful navigation of a task, a hippocampus-dependent search
strategy is acquired more quickly whereas more automatic striatum-
dependent processing comes to dominate after more extensive
training (14, 16, 38). Unidirectional competition, in which hip-
pocampal function competes with the initial use of a striatum-
dependent strategy, is consistent with this sequential model, as is
the observation of increased reliance on a spatial strategy when the
striatal system is perturbed (13, 39).

An alternative is the notion that both hippocampus and
striatum are recruited early in a task and operate in parallel (3,
40); one may then come to dominate behavior if it is differen-
tially reinforced by the contingencies of the task. This parallel-
process model has been supported by human neuroimaging
findings showing negatively correlated activation of hippocam-
pus and striatum cognitive tasks (25) and by simultaneous
processing by these two regions of different features of a virtual
reality environment during navigation (41). The finding of
bidirectional competition between memory systems is consistent
with a parallel process model. Specifically, enhancement of
hippocampus-dependent learning by striatal lesions even early
during learning (i.e., before performance in control animals has
reached asymptotic levels) indicates that the striatum is engaged,
and therefore capable of competing with the hippocampus-
dependent system, even during early phases of learning in intact
animals.

Major advantages of performing such studies in mice include
the ability to use sophisticated genetic tools to explore the
underlying cellular and molecular mechanisms (16) and the
opportunity to investigate striatum-dependent learning in mouse
disease models (42). We take advantage of the unique strengths
of this model system by analyzing the effect of functional
disruption of striatal CREB in transgenic mice, and find that this
manipulation both impairs cued learning and enhances spatial
learning. Previous work has demonstrated that interference with
CREB in the hippocampus can similarly disrupt spatial learning
(8, 43); in conjunction with our current and past results (16), this
clearly demonstrates that overlapping molecular mechanisms are
used by these distinct memory systems. Further work will be
needed to characterize the extent to which downstream, CREB-
regulated genes overlap or are distinct in these different circuits.

In sum, we provide strong evidence for bidirectional compe-
tition between hippocampus- and striatum-dependent learning,
in the form of a double dissociation. Striatal lesions impair cued
learning while enhancing spatial learning, as does disruption of
processes associated with striatal synaptic plasticity through

expression of a dominant-negative CREB mutant in transgenic
mice. In contrast, lesions of the dorsal hippocampus impair
spatial learning and enhance cued learning. This study repre-
sents a substantial step toward understanding the interactions
between these two memory systems during learning in a complex
environment.

Materials and Methods
Animals. These experiments were conducted under the supervision of Yale
University’s Institutional Animal Care and Use Committee (Animal Welfare
Assurance Number A3230–1). Food (standard laboratory chow) and water
were available ad libitum. All experiments examined adult male mice 2.5 to 6
months of age.

For lesion experiments, stereotaxic surgery was performed following stan-
dard procedures, under sterile conditions. Anesthesia was induced by i.p.
injection of tribromoethanol (Sigma) dissolved in 2-methyl-2-butanol (Sigma)
and then diluted 1:40 in normal saline solution (total dose, 275 mg tribromo-
ethanol per kg). Excitotoxic lesions were performed by manual infusion of 0.1
to 0.2 �l NMDA (Sigma; 20 mg/ml in sterile saline solution) through a 0.5-�l
Hamilton syringe over the course of 2 to 3 min. Targeting coordinates were
determined from the work of Paxinos (44) and refined empirically. For dorsal
striatal lesions, in the first experiment (Fig. 1A), 0.15 �l NMDA per side was
infused (anterior-posterior [AP], �0.74 mm; medial-lateral [ML], �2.2 mm;
dorsal-ventral [DV], �3.0 mm); one animal was excluded because of extension
of the lesion into ventral striatum unilaterally. In the second experiment (Fig.
1D), 0.2 �l NMDA per side was infused (AP, �0.74 mm; ML �2.3 mm; DV, �3.5
mm); three animals lacked histologically demonstrable bilateral dorsal striatal
lesions and were excluded. Hippocampal lesions (Fig. 3A) were produced as
previously described (30) with 0.1 �l NMDA infused into each of two sites per
side (coordinates: AP, �1.3 mm; ML �1.0 mm; DV, �2.0 mm; and AP, �2.1 mm;
ML, �1.5 mm; DV, �2.2 mm); three animals were excluded with unilateral
lesions.

Transgenic animals expressing a dominant-negative mutant form of hu-
man CREB, termed KCREB, have previously been described (8, 16). Animals
hemizygous for the tetO-KCREB transgene (line str-KCREB) were bred to
animals hemizygous for the calcium/calmodulin-dependent protein kinase II
tTA transgene (ref. 45, line B); both these transgenic lines have been back-
crossed to C57/Bl6 to greater than N12. Progeny were genotyped by PCR as
previously described (16). Double-positive mice and litter-mate controls were
used in all experiments; control animals were double-negative or KCREB-
positive/tTA-negative. These two groups of control animals did not differ from
one another in any analysis and were pooled.

Behavioral Testing. Water maze. Our water maze task is adapted from that
described by Packard and McGaugh in rats (13). Modification of the protocol
for mice was achieved through extensive pilot experiments. (See SI Methods
and Fig. S1 for a detailed description of the procedure.)

Briefly, animals learned to escape a pool of opaque water (similar to that
used in the Morris water maze [46, 47]) by swimming to one of two visually
distinct cues. The round pool was 164 cm in diameter; the escape platform was
12 cm square and located 1 cm below the surface of the water. Three distinct
visible cues were used; cues consisted of plastic cylinders, 11 cm high and 2.5
cm in diameter, painted either uniform gray or with sharp black-and-white
stripes, 1 cm in width, oriented either horizontally or vertically.

The first 5 days consisted of shaping to the task. On day �5, animals were
placed on the platform four times (20-min inter-trial interval). On days �4
through �1, the escape platform was marked with the uniform gray cue;
animals were placed in the pool and allowed 120 seconds to swim to it.

Following shaping, animals were trained in the two-cue task for 5 or 7 days;
each animal was trained in either the cued or spatial task, never in both. All
experiments consisted of four trials per day with a 20-min inter-trial interval.
In the cued task, the escape platform was moved on each trial but was reliably
marked by one of the two cues (i.e., either horizontal or vertical stripes, held
constant throughout training for each animal but counterbalanced across
animals within each group). In the spatial task, the escape platform was always
in the same location but was variably associated with the two striped cues. In
both tasks, the second visible cue (i.e., the lure) was present in a quadrant
adjacent to the escape platform and its associated cue (i.e., the goal) on a
stand that held it at an identical height in the water but did not permit escape.
Latency to find the escape platform was measured for all training trials; search
was recorded by an overhead digital camera.

Learning was assayed by using a probe trial, administered in place of the
fourth training trial after 3, 5, and/or 7 days of training, as specified later for
each experiment. In the probe trial, both goal and lure cues were placed on
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stands that did not allow escape; the animal’s search was monitored by an
overhead camera over 60 seconds. Extra-maze cues were identical to those
present in a training trial. In both the cued and the spatial task, a systematic
bias toward the goal cue relative to the lure cue (i.e., toward the location
where the platform would have been on a regular training trial) was inter-
preted as evidence of learning. This was quantified by quadrant occupancy.
Other measures (mean distance from the goal and lure cues during search and
occupancy in circular zones centered on the goal and lure cues) gave similar
results (not shown). Probe trial track analysis was performed using Ethovision
(Noldus).
Other behavioral tests. Anxiety was assayed in an elevated plus maze as previ-
ously described (48). Locomotor activity was quantified in an unfamiliar open
field box (50 cm � 50 cm); exploratory activity over 10 min was monitored
using an overhead camera. Time spent in the central zone (25 cm � 25 cm) was
quantified.

Temperature Monitoring. Temperature was monitored using a DAS-6007 s.c.
probe (Bio-Medic Data Systems).

Documentation of Lesions. Excitotoxic lesions were documented using immu-
nohistochemistry for GFAP and NeuN; Nissl staining gave similar results but
documented the lesions less clearly in striatum (not shown). See SI Methods for
full details.

Statistical Analysis. All analysis was performed in consultation with a staff
statistician. In water maze experiments, a priori hypotheses were tested by t
test. Subsequently, all data were subjected to linear mixed modeling, with
task (cued vs. spatial) and condition (lesion vs. control or KCREB transgenic vs.
control) as between-subject factors, and probe trial and quadrant (goal or
lure) as within-subject factors. Data were modeled for each experiment to
determine the best-fit variance-covariance matrix; in all cases, compound
symmetry was found to provide the best fit. Lower-order effects were ex-
tracted from the model and corrected for multiple comparisons with Bonfer-
roni correction. Latency data were analyzed by multivariate ANOVA, with
condition as a between-subject factor and day and trial as nested within-
subject factors. Control parameters were tested by t test or, where data were
non-normal, by the Mann–Whitney U test.
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