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Impaired Spatial Learning in
L-Calcium-Calmodulin Kinase

Mutant Mice
Alcino J. Silva, Richard Paylor, Jeanne M. Wehner,

Susumu Tonegawa
Although long-term potentiation (LTP) has been studied as the mechanism for hippo-
campus-dependent learning and memory, evidence for this hypothesis is still incom-
plete. The mice with a mutation in the a-calcium-calmodulin-dependent kinase 11
(a-CaMKII), a synaptic protein enriched in the hippocampus, are appropriate for ad-
dressing this issue because the hippocampus of these mice is deficient in LTP but
maintains intact postsynaptic mechanisms. These mutant mice exhibit specific learning
impairments, an indication that a-CaMKII has a prominent role in spatial learning, but
that it is not essential for some types of non-spatial learning. The data considerably
strengthen the contention that the synaptic changes exhibited in LTP are the basis for
spatial memory.

Changes in synaptic strength may be critical
for learning either as a mechanism for the
direct storage ofmemories, or as a process that
transforms information making it suitable for
long-term storage (1). Long-term potential
(LTP) is a stable and long-lasting potentiation
of synaptic activity which follows Hebbian
rules (2). Hence, it is widely thought that
LTP is a physiological mechanism underlying
learning and memory processes. The
N-methyl-D-aspartate receptor (NMDAR) is
a voltage-sensitive and glutamate-gated chan-
nel, and it regulates a calcium current essen-
tial for the induction of LTP (3). The evi-

A. J. Silva and S. Tonegawa are at the Howard Hughes
Medical Institute, Center for Cancer Research and
Department of Biology, Massachusetts Institute of
Technology, Cambridge, MA 02139.
R. Paylor and J. M. Wehner are at the Institute for
Behavioral Genetics, University of Colorado, Boulder,
CO 80309.

dence supporting the linkage between LTP
and mammalian learning and memory primar-
ily comes from the analysis of rats in which
the NMDAR was blocked by the antagonist,
aminophosphonovaleric acid (APV) (4). The
interpretation of those results is difficult be-
cause inhibiting NMDAR function also dis-
rupts synaptic function (5) and therefore
might alter the character of information pro-
cessing in the hippocampus. Thus, the deficits
in learning could be due to this alteration in
hippocampal synaptic function, and not to
the deficits in LTP. A second line of evidence
linking LTP to learning and memory comes
from electrophysiological experiments that
show that induction of saturating levels of
LTP in the hippocampus impairs the ability of
rats to acquire new spatial information (6).
However, these findings have also been alter-
natively interpreted (7).

It is thus important to develop addition-
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al experimental strategies for studying the
relation between LTP and learning. One
way of doing this would be to use embryonic
stem (ES) cell-gene targeting (8) and pro-
duce mice with a mutation in individual
enzymes likely to participate in the regula-
tion of LTP. For our study, we chose the a
isoform of calcium-calmodulin-dependent
kinase II (a-CaMKII) (9). The a-CaMKII
is postnatal (10) and neural-specific, and is
present both pre- and postsynaptically (11).
The postsynaptic densities of the hippo-
campus and cerebral corex are particularly
rich in this enzyme (9). These two brains
structures are essential for complex learn-
ing, such as spatial learning in rodents (12).
Furthermore, pharmacological studies have
implicated the CaMKII holoenzyme in the
induction of LTP in the hippocampus (13).

As was described (14), we produced
mutant mice defective in a-CaMKII and
have shown that the CA1 hippocampal
region of these mice exhibit little or no

LTP although postsynaptic transmission
appears normal. Therefore these mice are
ideal for examining the association of
hippocampal a-CaMKII activity, LTP,
and learning and memory processes. In our

present study, we examined whether
a-CaMKII mutant mice can learn to per-
form a complex spatial learning task, such
as the Morris water tasks (15). We now

report that a-CaMKII mutant mice show a

pronounced deficit in spatial learning per-
formance compared to normal wild-type
littermates. Our data demonstrate that
a-CaMKII is important for spatial learning
and support the hypothesis that LTP is the
electrophysiological basis for certain types
of learning processes.

The Morris water task. In the Morris
water task, mice are placed in a round pool
filled with water that has been made
opaque. To escape the water, the mice must
swim to a submerged platform. In the "vis-
ible-platform" version of the Morris task, a

visually conspicuous white flag is placed on

top of the submerged platform which is
positioned in random locations on each
trial. To solve this task and swim directly to
the platform, an animal needs only to learn
that the flag indicates the location of the
platform. Hence, distal extra-maze cues are
irrelevant in this task. In the "hidden-
platform" version of the Morris task, the
escape platform is in a fixed location within
the pool. Since there are no immediate
proximal cues indicating where the plat-
form is, and the platform cannot be seen

through the water, the animal must learn
the multiple spatial relation between distal
objects in the room surrounding the pool
and the platform in order to locate and
swim directly to it. There are five phases to
this test. All animals were subjected to each
phase in the order presented below.

Solving the visible-platform task. In
this first phase of the experiment, mice
were tested on the visible-platform test.
The platform location varied among four
possible places within each block of trials
(see legend to Fig. 1). Animals were tested
for two consecutive days with three blocks
of four trials per day, and the time required
to reach the platform was recorded.

The a-CaMKII mutant mice initially
took longer than the wild-type mice to
reach the platform, but by the end of
training they were locating it as rapidly as

controls (Fig. lA). Although a-CaMKII
mutant mice appear to be initially im-
paired, they were able to overcome this
deficit by training. Therefore, a-CaMKII
mutant mice are (i) able to learn to associ-
ate the flag with the escape platform, (ii)
motivated to escape the water, and (iii)
have the coordinated motor skills needed to
swim in water.

The exact nature of the initial impair-
ment is not clear, but it is likely the
impairment is due to the different response

of the a-CaMKII mutant mice, compared
to that of the wild-type animals, when
placed on the platform. Unlike wild-type
mice, the a-CaMKII mutant mice imme-
diately jumped into the water. This
"jumping response" occurred a number of
times before the first trial, and thus by the
time their jumping response habituated
they appeared fatigued. Therefore, they
may have taken longer on day 1 of visible-
platform training because they were tired.
On day 2, however, they did not show the

0c*
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Blocks of 4 trials
Fig. 1. Mean escape latencies for animals in the Morris water task. (A) In the first phase of the
experiment, wild-type controls (n = 14) and a-CaMKII mutant mice (n = 11) were trained to navigate to
a randomly located visible platform. The platform was rendered visible by attaching a small white flag to
its top. Each animal was first trained to climb on the platform and given a 15-s practice swim to ensure
that all animals could swim. On each trial, a subject was allowed to search the pool for 60 s. Once a
subject found the platform, it was allowed to remain there for 45 s. Animals were given 12 trials a day,
in blocks of 4 trials, on two consecutive days. The a-CaMKII mutant mice were initially impaired at
locating the visible platform but overcame this deficit and learned to locate as rapidly as controls (28).
(B) All animals were then trained to find a hidden platform located in a fixed location. The top of the
platform was 1-cm below the surface of the water. Wild-type and a-CaMKII mutant mice were given
either 3 or 5 days of training as described above (only 3 days are shown). The figure shows that wild-type
controls had lower escape latencies than the mutants (29). The bars indicate the SEM.

A

jumping response and hence were not
fatigued before the trials.

Training on the hidden-platform task.
From 7 to 12 days after the visible-platform
task, animals were trained on the Morris
hidden-platform task. In the hidden-plat-
form task, there are no direct proximal cues

marking the location of the platform, and
the platform remains submerged in a fixed
place. Therefore, to locate the platform
efficiently an animal needs to learn the
multiple spatial relations between extra-
maze cues and the escape platform.

Animals were subjected to the standard
3-day training used previously for inbred
strains of mice (16). Wild-type controls
quickly learned to locate the hidden plat-
form, and by the end of day 3 of training
they were navigating directly to it in less
than 10 s (Fig. IB). The a-CaMKII mutant
mice took longer than the wild-type mice to
locate the hidden platform, but the perfor-
mance improved during training. However,
after performance reached a plateau, the
mutant mice still required approximately 20
s to locate the platform, approximately
twice as long as the wild-type mice.

To ensure that mice were at asymptotic
levels of performance, we provided some
animals from each group (n = 5) with
additional training for 2 days. Although
wild-type animals were better than the mu-
tant mice at locating the platform during
extended training, neither group improved
compared to day 3 of training (17). In all
measures of performance during each phase,
extended training did not significantly alter

Wild type
* Mutant
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platform during training by using distal
cues, it should selectively search the place
where the platform was located during
training more than other places in the pool.
Animals were given their probe trial imme-
diately after the last training trial (after 3 or

5 days of training) (Fig. 2).
The wild-type mice selectively searched

the area where the platform had been lo-
cated during training. They spent a larger

Fig. 2. Data from animals

given a probe trial after 3 x
or 5 days of training. Since
there were no differences
in performance for wild-type
or a-CaMKII mutant mice 40- 7
given 3 or 5 days of training

prior to the probe trial (17), 30- 5-
the data were analyzed to-

4_

gether. These data show 20- 34
that wild-type animals selec- CD

tively searched the place 10o- A 2

where the platform had *~~~~~~~
been located during train- E
ing, while in general the Wild type Wild ty
a-CaMKII mutants' search L' 40 - 7
was not selective. (Upper) 6-
Data from the wild-type ani- 35
mals (30). (Lower) Data for

the a-CaMKII mutant mice. 20

In contrast to wild-type ani- 3-

mals, a-CaMKII mutants 102
did not selectively search 1-
any quadrant of the pool 0 o0 --

[ANOVA F(3,30) = 0.689, P Mutant 'Mutant
> .05]. The a-CaMVKII mu- 11A et0 D ih
tant mice also failed to E aiing E Opoite
cross the exact place
where the platform had
been located compared to both adjacent sites. However, they did cross the opposite site less often
than the training site (31). Above the panels on the left, we show a schematic drawing of the pool with
the four virtual quadrants used in the analysis, and on the right we show the four platform sites. The
bars indicate the SEM.

percentage of their time in the quadrant
where the platform had been during train-
ing (training quadrant) than in the other
three quadrants. They also crossed the ex-

act spot where the platform had been locat-
ed during training (training site) more often
than equivalent locations in other quad-
rants. In contrast, a-CaMKII mutant mice
did not spend more time searching in the
training quadrant than in the other quad-
rants; they spent an equal amount of time
in all four quadrants. The mutant mice did
not cross the training site more often com-

pared to equivalent locations in the adja-
cent quadrants. They did cross the equiva-
lent site in the opposite quadrant less fre-
quently compared to the training site. This
difference, however, may be an artifact of
the testing protocol in which the animals
always started the probe trial from positions
in the opposite quadrant. The a-CaMKII
mutant mice may have learned to swim
directly away from the start location before
implementing any search strategy. Since
they were always started from places oppo-

site of the training site, their starting strat-
egy reduced the likelihood of crossing the
opposite quadrant site early in the probe;
the effect of random choice of the probe
trial start location remains to be deter-
mined.

These data indicate that the wild-type
mice learned the spatial relations between
distal cues and the hidden platform (spatial
strategy). In addition, these results suggest
that the mutant mice improved their per-

formance by developing an alternative
strategy that does not depend on specific
cues surrounding the pool. For example,
mutant mice may have learned the distance
between the wall of the pool and platform.
Since the pool is circular and the wall is
uniform, this strategy would not allow the

Fig. 3. Latency analysis of the random-platform
task. Two days after the animals were given 3 or 5
days of training and subsequent probe trials, they
were given a block of four trials with the platform in
its original training location. On the next block of
four trials, the platform was in the original location
for the first two trials but was in two new (random)
locations on the next two trials. On the final block of
our trials the platform was placed in the original
spot on the first trial and then in different random
locations on the next three trials. (Top) Locations of
the platform in the training trials (0) and in the
"random" trials (0). In each random trial only one
of the seven locations was used. Presented is the
mean latency to find the platform on the seven
trials when the platform was in its original location
(black bars) compared to the five trials when it was
in random locations (white bars). The wild-type
controls took less time to find the platform when it
was in its original location compared to when it was
in random locations [correlated t test; t(1 2) =

-6.504, P < 0.001]. The a-CAMKII mutant mice,
however, were just as proficient at locating the
platform in random locations as when it was in its
original location (32). The bars indicate the SEM.
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Fig. 4. Platform-crossing analysis in the ran-
dom-platform task. Represented in this figure
are the mean number of times mice crossed the
original training site on the five trials with the
platform in random locations. Wild-type con-
trols crossed the training site significantly more
often than a-CaMKII mutant mice on these five
trials [t(21) = 3.318, P <0.01]. The bars indi-
cate the SEM.
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the performance of wild-type or a-CaMKII
mutant mice.

Probe trial. In order to evaluate whether
the mice indeed located the hidden plat-
form by learning the multiple spatial rela-
tions between distal cues and the hidden
platform, we subjected them to a probe
trial. In this trial the platform was removed
and the mice were allowed to search the
pool for 1 minute. If an animal located the
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mutant mice to distinguish among the four
quadrants of the pool.

Random-platform task. The results of
the probe trial suggest that mutant mice did
not learn the spatial relations between dis-
tal cues and the hidden platform. However,
these mice could improve their perfor-
mance on the hidden platform task. In
order to confirm that mutant mice are
impaired at spatial learning, we subjected
them to a random-platform task. The mice
were given trials with the platform in its
original location intermixed with trials
where the platform was moved to any one
of the seven other locations (Fig. 3). If the
mutant mice were impaired in spatial learn-
ing, they should find the platform in the
new locations as readily as when it was in
the original training site.

The wild-type mice took significantly
less time to locate the platform when it was
in its original location (training trials) com-
pared to new locations (random trials) (Fig.
3). In contrast, the a-CaMKII mice took as
long to locate the platform when it was in
new locations as when it was in its training
site. These results support the hypothesis
that the mutant mice developed a nonspa-
tial strategy to find the platform. Another
observation that confirms the validity of our
hypothesis is that on the random trials
wild-type mice crossed the training site
more often than the a-CaMKII mutant
mice (Fig. 4).

As would be expected from the data in
Fig. 1B, mutant mice took approximately
twice as long as the wild-type mice to locate
the platform when it was in its training site.
This performance is most probably a reflec-
tion of strategy used by the mutant mice,
which does not result in as precise a local-
ization of the platform as a spatial strategy
does.

The plus (+) maze task. The results
described thus far indicate that the mutant
mice do not use a spatial strategy to locate
the platform. This may mean that the
mutant mice are impaired in learning the
spatial relations between distal cues and the
escape platform (true impaired spatial
learning). However, an alternative expla-
nation of the results is that the mice are
impaired in another process (or processes),
such as the ability to see and attend to distal
cues, or to make an association between the
distal environment and the escape plat-
form. In order to exclude these latter pos-
sibilities, we tested the mice in a water-
filled plus (+) maze (18).

The plus maze is a four-armed (+) clear
Plexiglas maze filled with opaque water. An
escape platform is placed in one arm of the
maze with its top 1 cm below the surface of
the water. The hidden escape position of
the platform is kept constant throughout all
trials. To find the platform, the mouse must

Fig. 5. Analysis of performance on the "+" maze
showing the mean number of trials to reach the
learning criterion of 70 percent correct in ten trials in a
water-filled plus (+) maze. On each trial, an animal
was placed facing the center of the maze in one of the
three arms that did not contain the platform. An animal
was allowed to swim into any of the arms, but if it
chose an incorrect arm, it was trapped for 20 s. If it l
chose the correct arm, it was allowed to remain on the , I
platform for 10 s. Each animal was given 15 trials on ,
day 1, and 25 trials on each subsequent day. Each ° .
animal was given one trial at a time with an inter-trial of E
1 to 3 minutes. These animals were given extended 0g 20-
training in the Morris task. Both wild-type and
a-CaMKII mutant mice were able to learn the location 10- _
of a hidden escape platform in the plus (+) maze. The
difference between the two groups' performance was
not significant [t(8) = .469, P >0.05]. (Top) The plus Mutant Wild typ
(+) maze placed on top of the Morris pool, and the location of the hidden platform. The bar indicates
the SEM.

learn to swim into the arm containing the
platform and avoid the other possible arms.
Because the maze is clear the animal can
use prominent distal cues in the room to
locate the platform. On each trial, a mouse
was placed in one of the three arms that did
not contain the platform and was allowed
to swim toward the intersection. At this
point, the mouse must choose one of the
three remaining arms to enter. If the mouse
chose the correct arm containing the plat-
form it was allowed to climb onto the
platform and then was removed from the
maze and the choice was scored correct.
When the animal swam into another arm of
the maze that did not contain the platform,
it was trapped in that arm and the trial was
scored as a mistake. The arm used to start
the animal on each trial was chosen more or
less randomly with the restriction that each
arm that did not contain the platform was
used in a block of three trials. The plus (+)
maze was placed directly on top of the
Morris pool to ensure that the same distal
cues were utilized.

Since on each trial there are three pos-
sible arms into which an animal can swim,
random choices should result in the correct
choice 33 percent of the time. Likewise,
other predictable strategies such as always
swimming left, right, or straight would also
produce correct choices about 33 percent of
the time because the start position was
rotated such that in each ten trials each of
the three start arms are used at least three
times. The criterion used to assess whether
mice had learned to locate the platform
using a distal cue was 70 percent correct
choices in ten trials.

The plus maze task has several features
in common with the hidden-platform ver-
sion of the Morris task. Both tasks require
subjects to navigate through water and lo-
cate a hidden platform by using the envi-
ronment outside the maze. Thus, in both
tasks animals must be able to see and attend

SCIENCE * VOL. 257 * 10 JULY 1992

to distal cues. The differences between the
tasks is that the "hidden-platform" version
of the Morris task requires an animal to
learn multiple spatial relations between dis-
tal cues and the escape platform. In the plus
(+) maze, however, an animal always takes
the same path to the platform; thus, it
always has the same distal environment to
swim toward for escape. Therefore, the (+)
maze puzzle can be solved by learning the
single relation between a particular distal
environment and the escape platform.

Both the wild-type mice and the
a-CaMKII mutant mice learned to solve
the task and there was no significant differ-
ence in the number of trials to reach crite-
rion between the two genotypes [t(8) =

0.469, P < 0.051 (Fig. 5). These results
demonstrate that the impairment of the
a-CaMKII mutant mice in the Morris hid-
den-platform task was not due to an inabil-
ity to see distal cues, attend to the environ-
ment outside the maze, or learn a simple
association between escape and distal envi-
ronment.

Other behavioral characteristics. Since
a-CaMKII mutant mice have impaired spa-
tial learning processes that appear similar to
that of animals with hippocampal lesions,
we were interested to see whether other
behavioral responses displayed by the mu-
tant mice were also similar to those ob-
served in hippocampally lesioned rodents.
For example, one prominent characteristic
of rats with hippocampal lesions is their
increased exploratory behavior and activity
when placed in an open field (activity cage)
or Y maze (19). To determine whether
a-CaMKII II mutant mice also display this
behavioral characteristic, we examined the
behaviors of wild-type and a-CaMKII mu-
tant mice in both an open-field arena and
an enclosed Y maze.

The open field is a large white square
Plexiglas arena (60 by 60 by 14 cm) that is
divided by a series of photobeams into 16
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squares and illuminated by white light (20).
Each time the mouse moves and breaks a
photobeam, a count of one is registered;
total activity is recorded for 15 minutes.
Thirteen wild-type and eight a-CaMKII
mutant mice were used. The mutant mice
displayed significantly more activity com-
pared to that of wild-type (mean total
activity; 498.4 + 68.6 and 258.3 + 44.9,
respectively) (21).

The Y maze is an enclosed three-armed
maze (each arm dimension is 26 by 6.3 by
9.8 cm) made of transparent red Plexiglas.
The mouse is placed at the intersection of
the three arms and then is scored on the
number of times it enters the different arms.
During the first minute the a-CaMKII mu-
tant mice were no more active than the
wild type, but their exploration during the
next 2 minutes was significantly increased.
The wild-type mice showed a constant
amount of activity throughout the three-
minute time period (22).

The results of these behavioral tests
indicate that the a-CaMKII mutant mice
have other behavioral modifications in ad-
dition to a spatial learning deficit. Both the
spatial learning problem and increased ac-
tivity seen in the mutant mice parallel
responses seen in hippocampally lesioned
animals (19).

Linkage of gene to behavioral deficit.
The foregoing data demonstrate that the
a-CaMKII mutant mice are impaired in
performing a task that requires learning the
multiple spatial relations among a hidden
proximal object (a platform) and visible
objects in the surrounding distal environ-
ment. In contrast, the mutant mice perform
well in tasks that require a non-spatial
association between a hidden platform and
a visible object in either the proximal or
distal environment. As previously demon-
strated and as confirmed here, the wild-type
mice can accomplish both types of learning
equally well. We thus conclude that the
a-CaMKII has a prominent role in spatial
learning and memory processes, but that it
is not essential for some other types of
nonspatial learning.

In addition to the deficits observed in
spatial learning, the mutant mice showed
increased exploratory activity in an open
field and in a Y maze. These behavioral
characteristics are common among rodents
with hippocampal lesions (19). Interesting-
ly, the hippocampus is the brain site in
which the expression of a-CaMKII is high-
est (12). Hence, our data are consistent
with the hypothesis that the primary cause
for the behavioral changes observed in the
mutant mice is the lack of a-CaMKII in
their hippocampi. However, as to the spa-
tial learning deficit, a lack of a-CaMKII in
neocortex may also be involved, since le-
sions in this brain structure have also been
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shown to result in this type of learning
deficit (23).

The mechanism by which the loss of
a-CaMKII impairs spatial learning is un-
known. We demonstrated (14) that our
a-CaMKII mutant mice are also deficient in
LTP in the CA1 region of the hippocam-
pus. Thus, it is likely that this deficit in
LTP is responsible for the impairment in
spatial memory. We also showed that the
NMDAR function in the a-CaMKII mu-
tant mice is normal, demonstrating that the
role of a-CaMKII in LTP and spatial learn-
ing is not as a regulator of the activity of the
NMDAR, the only other molecule known
to be both required both for LTP and spatial
learning (4). Thus, our work strengthens
considerably the contention that the syn-
aptic changes exhibited in LTP are the basis
for spatial memory (4).

The work reported here demonstrates
that a mutation in a known gene is linked
to a specific mammalian learning deficit,
and indicates that single genetic changes
can have a selective but drastic impact on
learning and memory. Previous studies have
revealed that some inbred strains of mice,
such as DBA/2, are also impaired in spatial
learning (24), and that the impairments
seem to be partly associated with a reduc-
tion in hippocampal protein kinase C (25).
However, these previously reported differ-
ences among inbred mouse strains are clear-
ly not the result of differences in a single
gene, and the additional biochemical sub-
strates that can account for strain differ-
ences in spatial learning remain to be de-
scribed.

Despite the remarkable specificity of the
learning impairments observed in the mu-
tant mice, it is possible that they have other
yet undetected learning deficits. Indeed, we
suspect that the modulation of the acoustic
startle response (26) is impaired in these
mice, since they seem to have an abnormal-
ly enhanced acoustic startle response.
Hence, it is interesting that the amygdala is
another prominent site of a-CaMKII ex-
pression (10), and that LTP in this part of
the brain might be involved in the modu-
lation of the acoustic startle response (26).
In contrast, our behavioral work did show
that a-CaMKII is not essential for all learn-
ing. For instance, although it has previously
been shown that a-CaMKII is expressed in
the basal ganglia (12, 13) and that this
structure is essential for learning the visible-
platform version of the Morris task (23),
our study indicated that the a-CaMKII
mutant mice can learn this task.

Finally, we have demonstrated that
a-CaMKII mutant mice are a useful model
for studying the relations among a particu-
lar gene product (a-CaMKII), LTP, and
behavior. We expect that other similarly
constructed mice with mutations in judi-
SCIENCE * VOL. 257 * 10 JULY 1992

ciously chosen genes will be useful for
studying mammalian behavior. In this re-
gard, perhaps even more useful would be
the mice with subtle rather than null mu-
tations or mice with mutations directed to
specific regions of the brain. Construction
of such mutant mice may be feasible (27).
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