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Summary

We assessed hippocampal-dependent memoryin mice
with a Ca?*-independent form of CaMKIi generated by
the introduction of an aspartate at amino acid 286. The
CaMKIi-Asp-286 mice show normal LTP at high fre-
quency stimulation, but in the 5-10 Hz range, they
show a shift in the frequency-response curve favoring
LTD. This range of frequencies is similar to the 0
rhythm, which is associated with exploration in ro-
dents. Using the Barnes maze to assess spatial mem-
ory, we found the transgenic mice could not learn to
navigate to a specific location using spatial cues. In
contrast, one line of transgenic mice performed nor-
mally in contextual fear conditioning, a task that is also
hippocampal dependent. This dissociation between
spatial and contextual memory suggests that even
though both require the hippocampus, they may be
mediated by different synaptic mechanisms.

Introduction

The formation of long-term memories is thought to involve
long-term changes in synaptic strength (Hebb, 1949; Kan-
del and Spencer, 1968). Long-term potentiation (LTP) and
long-term depression (LTD) are two different forms of long-
lasting synaptic plasticity found in the mammalian brain.
LTP and LTD are produced by different frequencies of
synaptic activation. A homosynaptic form of LTP is pro-
duced in the CA1 region of the hippocampus following
high frequency stimulation at 100 Hz, and this LTP has
many features that make it an attractive synaptic substrate
of memory (see Bliss and Collingridge, 1993, for review).
Conversely, low frequency stimulation at 1 Hz produces
a homosynaptic form of LTD at the same synapses, which
has been proposed in several computational models as
amechanism for erasure or forgetting (Bear and Malenka,
1994; Sejnowski, 1977; Bienenstock et al., 1982; Bear et
al., 1987). What happens at the frequencies between 1
and 100 Hz? What role, if any, do these frequencies have
for learning and memory storage? Are different frequency-
specific forms of synaptic plasticity related to different cog-
nitive forms of learning?

Clear linkages between various forms of hippocampal
synaptic plasticity and memory have been difficult to es-
tablish for several reasons. First, LTP and LTD are pro-
duced experimentally using nonphysiological stimuli. Nei-
ther LTP nor LTD has, as yet, been demonstrated to occur

in response to environmental stimuli encountered during
learning, perhaps because learning leads to changes in
only a relatively small number of synaptic connections.
Second, although pharmacological or genetic manipula-
tions that interfere with LTP suggest that LTP is required
for memory storage, these manipulations generally do not
distinguish between LTP and LTD (Silva et al., 1992a,
1992b; Grant et al., 1992; Davis et al., 1992; Stevens et
al., 1994; but see Abeliovich et al., 1993a, 1993b). Finally,
most experiments have examined synaptic plasticity only
at the extremes of the frequency response range (1 and
100 Hz), yet it is the intervening frequencies that are
thought to be of particular importance physiologically.
When an animal engages in exploratory behavior, as dur-
ing the acquisition of hippocampally mediated spatial
memories, the hippocampus undergoes an oscillation in
its electrical activity at frequencies between 4 and 12 Hz,
referred to as the 0 rhythm (Bland, 1986; O'Keefe, 1993;
O’Keefe and Recce, 1993). Disruption of the 6 rhythm by
lesions of the cholinergic inputs to the hippocampus that
drive this rhythm also blocks spatial memory (Winson,
1978). How the 6 rhythm affects spatial memory is unclear.
One possibility is that the 6 rhythm patterns the hippocam-
pal inputs so as to lead to effective LTP. In fact, patterned
stimulation in the range of 5 Hz is especially effective in
producing LTP (Larson et al., 1986; Arai and Lynch, 1992).
Also, induction of the 6 rhythm in hippocampal slices by
treatment with carbachol produces enhanced LTP in the
CA1 region (Huerta and Lisman, 1994).

In the preceding paper, we described two lines of
transgenic mice that allow us to assess the role in learning
and memory of LTP and LTD produced by 6 frequency
stimulation (Mayford et al., 1995b [this issue of Celf]). The
introduction into transgenic mice of a mutant form of Ca?/
calmodulin-dependent protein kinase Il (CaMKIl) that is
Ca? independent leads to a shift in the frequency-
response curve for the production of both LTP and LTD.
The mice carry a mutant form of CaMKIil that is Ca®* inde-
pendent due to the introduction of an aspartate residue
at amino acid 286. In adult wild-type mice of both lines,
LTP is produced at all frequencies from 5 to 100 Hz, and
weak LTD is produced at 1 Hz. In both lines of CaMKIi-
Asp-286 transgenic mice, LTP is normal at high frequency
stimulation of 100 Hz, and LTD is produced at 1 Hz. How-
ever, in the transgenic mice, LTP is not produced at fre-
quencies in the range of the 0 rhythm. At 5 Hz, LTD is
produced, and at 10 Hz, there is no change in synaptic
strength. Thus, the transgenic animals maintain the ca-
pacity for both LTP and LTD, but the frequency-response
function is shifted systematically toward LTD in the range
of the 6 rhythm.

We took advantage of this shift in the frequency-
response function to compare the spatial learning and mem-
ory ability of transgenic and wild-type mice on a series
of both hippocampal-dependent and -independent tasks.
Hippocampal-dependent memory was assessed with the
spatial version of the Barnes circular maze (Barnes, 1979)
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and contextual fear conditioning (Kim and Fanselow,
1992; Phillips and LeDoux, 1992). In the spatial version of
the Barnes maze, the mouse needs to learn and remember
the relationship between distal cues in the environment
to navigate to an escape tunnel. In contextual fear condi-
tioning, the mouse needs to learn an association between
anovel environment and an aversive stimulus. Hippocam-
pal-independent or cued versions of each task were also
used. In these tasks the animal needs to recognize and
remember only a single environmental cue to perform the
task successfully.

The CaMKII-Asp-286 transgenic mice readily acquired
the cued version of the Barnes circular maze, but were
unable to learn the spatial version despite a lengthy train-
ing period. This suggests that it is not only the capacity
for LTP and LTD that may be important for spatial memory
but also the precise frequency at which each is produced.
Although both lines of CaMKII-Asp-286 transgenic mice
failed to learn the spatial version of the Barnes maze, one
line was able to learn the contextual fear conditioning task,
another learning paradigm that is hippocampal depen-
dent. Thus, our results suggest that the ability to form
an internal representation of the environment, which is
needed for both spatial and contextual memory, can be
dissociated genetically from the ability to navigate within
that environment, which is necessary only for spatial mem-
ory tasks. Furthermore, these results suggest that the two
different hippocampally mediated cognitive processes
may utilize different synaptic mechanisms.

Results

Transgenic Mice Are Defective on the Spatial
Version of the Barnes Circular Maze

The generation and physiological analysis of the CaMKIl-
Asp-286 transgenic mice is described in the preceding
paper (Mayford et al., 1995b). Long-term spatial memory,
which is dependent on the functioning of the hippocam-
pus, was assessed in both transgenic lines (referred to as
P3 and P15) using the Barnes circular maze. Conceptu-
ally, this task is similar to the Morris water maze, since in
each case an escape response is required. Moreover, as
in the Morris water maze, there are two versions of the
task, spatial and cued. We have adapted the Barnes maze,
originally used for rats, for studying the learning and mem-
ory capabilities of mice because we found it has certain
advantages over the Morris water maze. First, the Barnes
maze is much less taxing physically than the Morris maze,
an important consideration when testing mice, as they are
not as large or strong as rats. Second, the circular maze
is very easy for mice to traverse and can be managed by
both young and aged mice, animals that are poor swim-
mers. Therefore, the same maze can be employed to as-
sess mice repeatedly across the lifespan. Lastly, the
Barnes maze readily reveals the strategies used by the
animal to perform the task. In learning the Barnes maze,
wild-type mice use a fixed sequence of three search strate-
gies: random, serial, and spatial (Barnes, 1979). Because
these strategies are more obvious in the Barnes maze than
in other mazes, the strategies can be readily recognized,

analyzed, and quantified. As a result, one can not only
determine whether an animal learns the task but also gain
insight into the behavioral mechanisms used by the ani-
mal by seeing which strategies the animals can and can-
not use.

The Barnes circular maze is a white disc with 40 holes
cut in the perimeter. In both the spatial and cued versions
of the task, the mouse is motivated to escape the open,
brightly lit maze that is associated with aversive noise from
abuzzer. To escape the aversive stimuli, the mouse needs
to locate a darkened escape tunnel that is placed under-
neath 1 of the holes. When the mouse enters the escape
tunnel, the buzzer is turned off and the mouse is allowed
to remain in the darkness for 1 min. For the spatial version,
which we shall consider first, the tunnel was always lo-
cated underneath the same hole, which was randomly de-
termined for each mouse. To locate the tunnel efficiently
in this version of the task, the mouse needs to remember
and use the relationships among the distal cues in the
room where the maze was placed. The mice were tested
once a day until they met a criterion consisting of three
errors or less on 7 of 8 consecutive days. Errors were
defined as searching any hole that did not have the tunnel
beneath it.

The majority of wild-type mice (89%) acquired the task
with a median time to criterion of 22 days. By contrast,
only 6% of the transgenics met criterion (transgenic versus
wild-type: ¥ = 23.139, p < .0001; Figure 1). All but 1 of
the 17 transgenic mice failed to reach criterion, even
though they were trained for 45 days. Figure 2A presents
the mean number of errors made by transgenic and wild-
type mice across blocks comprised of five sessions. In
this and the following figures, the data were collapsed
across gender and line if an ANOVA did not reveal a signifi-
cant effect of either variable. Transgenic mice made signif-
icantly more errors than wild-type mice across all session
blocks (overall F[1,33] = 18.2931, p <.001). Although the
transgenic mice showed an initial decrease in errors, this
was followed by a leveling off in performance, after which
no further improvement occurred.
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Figure 1. Percentage of CaMKII Transgenic and Wild-Type Mice That
Acquired the Spatial and Cued Versions of the Barnes Circular Maze
Task
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Figure 2. Performance of Transgenic and Wild-Type Mice across Ses-
sion Blocks on the Spatial Version of the Barnes Circular Maze Task

The data were collapsed across gender and line if an ANOVA did not
reveal a significant effect of either variable. Values represent group
means *+ SEM.

(A) Errors. The ANOVA revealed that errors significantly decreased
across session blocks in both CaMKII-Asp-286 transgenic and wild-
type mice (F[3,31] = 21.7276, p < .0001).

(B) Perseverations. In both transgenic and wild-type mice, persevera-
tions significantly decreased across sessions (F[3,31] = 22.7045, p <
.0001). The genotype by session blocks interaction was also significant
(F[3,31] = 3.5576, p < .05).

(C) Distance from tunnel during initial search. A repeated measures

Random Search Serial Search
Strategy Strategy

Transgenic Mice Learn Random, Serial, but Not
Spatial Search Strategies

Many of the differences in performance of wild-type and
transgenic mice can be explained by differences in the
three search strategies used in the maze. These search
strategies were originally described by Barnes (1979). Fig-
ure 3 illustrates the representative search strategies em-
ployed by a wild-type mouse (Figure 3A) and a transgenic
mouse (Figure 3B) from the P15 line. The random search
strategy entails exploring many holes in an unsystematic
fashion, with many center crossings and some persevera-
tions. Perseverations are defined as repeatedly searching
the same hole or alternately searching 2 adjacent holes.
The serial search strategy is characterized by the mouse
running to the perimeter and then exploring consecutive
holes in a clockwise or counterclockwise fashion. The spa-
tial search strategy is the most efficient and results in mice
taking a direct course to the escape tunnel.

Both wild-type and mutant mice initially employed the
random search strategy, spending ~ 55% of the time us-
ing this strategy during the first session block (Figure 4A).
However, the initial performance of the transgenic mice
differed from that of the wild type in that they made signifi-
cantly more perseverations during the first and second
session blocks (overall F[1,33] = 10.3978, p < .01, see
Figure 2B). This increase in perseverations accounts for
~50% of the initial difference in errors (see Figure 2A).
Both wild-type and mutant mice exhibited a similar de-
crease in use of the random search strategy across ses-
sion blocks, using this strategy <10% of the time by the
last session block (Figure 4A).

The wild-type and transgenic mice next shifted to the

Spatial Search
Strategy

ANOVA revealed that distance significantly decreased across session
blocks (F[3,31] = 25.1441, p <.0001). The genotype by session block
interaction was also significant (F[3,31] = 4.7954, p <.01).

Figure 3. Representative Examples of the
Search Strategies Employed on the Spatial
Version of the Barnes Circular Maze Task
(A) Wild-type mice.

(B) CaMKII-Asp-286 transgenic mice.
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Figure 4. Use of Search Strategies on the Spatial Version of the
Barnes Circular Maze

The percentage of sessions each of the three search strategies was
employed by transgenic and wild-type mice across session blocks on
the spatial version of the Barnes circular maze (values represent group
means + SEM). The data were coliapsed across gender and line if
an ANOVA did not reveal a significant effect of either variable.

(A) Random search strategy. The percentage of time the random
search strategy was employed across session blocks for both groups
significantly decreased (F[3,31] = 45.669, p < .0001).

(B) Serial search strategy. There was a significant genotype by session
block interaction (F[3,31] = 9.6184, p < .0001).

(C) Spatial search strategy. The percentage of time the spatial search
strategy was employed significantly increased across session blocks
(F[3,31] = 52.6299, p < .0001), and the genotype by session block
interaction was also significant (F{3,31] = 17.477, p < .0001).

more efficient serial search strategy (Figure 4B). This shift
decreased the amount of time the mouse was exposed
to the aversive contingencies of the task and also de-
creased the number of errors made (see Figure 2A). Dur-
ing the first two session blocks, both wild-type and
transgenic mice spent a similar percentage of time using
this strategy (Figure 4B). During the last two session
blocks, the transgenics employed the serial search strat-
egy a majority of the time, whereas the wild types did not
(overall F[2,33] = 15.47, p < .0001).

While the transgenic mice were able to shift from the
random to the serial search strategy in a manner similar to
the wild types, they failed to use the spatial search strategy
consistently, using this strategy <30% of the time during
the last two session blocks (Figure 4C). By contrast, the
wild-type mice employed the spatial strategy >80% of the
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Figure 5. Performance of Transgenic and Wild-Type Mice across Ses-
sion Blocks on the Cued Version of the Barnes Circular Maze Task

The data were collapsed across gender and line if an ANOVA did not
reveal a significant effect of either variable. Values represent group
means + SEM.

(A) Errors. The ANOVA revealed that errors significantly decreased
across session blocks in both CaMKII-Asp-286 transgenic and wild-
type mice (F[3,33] = 65.2362, p < .0001). The genotype by session
blocks interaction was also significant (F[3,33] = 5.205, p < .005).
(B) Perseverations. In both transgenic and wild-type mice, persevera-
tions significantly decreased across session blocks (F[3,33] =
33.7849, p < .0001), and the genotype by session block interaction
was also significant (F[3,33] = 7.9853, p < .0005).

(C) Distance from tunnel during initial search. A repeated measures
ANOVA revealed that distance significantly decreased across session
blocks (F[3,33] = 12.2933, p < .0001).

time during the last two session blocks {overall F[1,33] =
29.1153, p < .0001).

Our operational definition of the spatial search strategy
was finding the escape tunnel with error and distance
scores of <3. The distance score is determined by count-
ing the number of holes between the first hole searched
and the escape tunnel. The maximum distance possible
is 20; chance is 10. During the first session block, the
distance from the tunnel was at chance level for both
transgenic and wild-type mice (see Figure 2C). This was
expected, since both groups were unfamiliar with the maze
and its relation to the spatial cues within the room. During
the last session block, the mean distance for the wild-type
mice was <2, indicating that the initial search was very
close to the tunnel. By contrast, during the last session
block, the mean distance for the transgenic mice was 6.2,
indicating that they showed some improvement but signifi-
cantly less than the wild types (overall F[1,33] = 11.3,
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p < .001). An inspection of the data revealed that some
transgenic mice had learned the approximate area where
the tunnel was located, which might be achieved by asso-
ciating an extramaze cue with the tunnel area. Such a
nonspatial strategy would produce a modest decrease in
errors and distance (see Figures 2A and 2C) and a modest
increase in the percentage of trials classified as showing
the spatial strategy (Figure 4C), but would not enable a
mouse to meet the acquisition criterion (7 out of 8 days
with three or fewer errors)

Transgenic mice of both lines exhibited significant im-
pairment on the spatial version of the Barnes circular
maze. Transgenic mice made significantly more errors
and perseverations, were significantly farther away from
the tunnel during the initial search, were unable to employ
a spatial search strategy, and, lastly, were unable to reach
criterion despite lengthy training (~3 weeks over that of
wild types). The failure of transgenic mice to learn the
spatial strategy could in principle be explained in one of
two ways. The mice could have a basic deficit in spatial
memory. Alternatively, the impairment in the transgenic
mice could be due to a performance deficit as a result of
asensory, motivational, or motor deficit. To examine these
alternative explanations, a second group of transgenic and
wild-type mice of both lines were assessed on two addi-
tionaltasks: the cued version of the Barnes maze, to exam-
ine their performance capabilities including sensory and
motor skills, and a measure of anxiety, to determine their
level of motivation.

Transgenic Mice Perform Normally on the Cued
Version of the Barnes Maze

The contingencies of the cued task were the same, except
that a visible cue was now placed immediately behind the
hole with the escape tunnel beneath it and the position of
the escape tunnel varied from day to day. Thus, to escape
the aversive contingencies of the task, the mouse just
needed to associate the proximal cue with the tunnel. This
cued version of the Barnes maze does not require hippo-
campal function. The majority of the transgenic mice
(84%) met the criterion (7 out of 8 consecutive days with
three or fewer errors) and were not significantly different
from wild types (100%) in acquisition of the cued version
of the task (see Figure 1). The median sessions to acquisi-
tion were 31 and 25 for the transgenic and wild-type mice,
respectively (Mann-Whitney U = 81, p<.01). The number
of errors made by both transgenic and wild-type mice de-
creased significantly across session blocks (Figure 5A).
Aithough transgenic mice made significantly more errors
(overall F[1,35] = 12.2878, p < .01) during the first two
session blocks, they were not significantly different from
wild types during the last two session blocks. The elevation
in errors during the first two session blocks in the
transgenic mice can be partially accounted for (~50%)
by asignificantly greater number of perseverations (overall
F[1,35] = 22.9760, p < .001; Figure 5B).

In the cued version of the Barnes maze, there was no
significant difference in the mean distance from the tunnel
between transgenic and wild-type mice across any of the
session blocks (Figure 5C). Both wild types and trans-

genics started at a distance equivalent to chance, and in
both groups a modest but significant decrease occurred
across session blocks. This similarity in performance sug-
gests that both transgenic and wild-type animals used a
similar strategy in this cued task. Interestingly, during the
last session block, the distance from the tunnel remained
relatively high despite the fact that the mice in both groups
made few errors during these sessions. Inspection of the
raw data revealed that on some days the mice from both
groups initially ran to the perimeter and then searched
for the cue, resulting in the distance being approximately
chance. On other days, the search occurred from the cen-
ter, and the mouse ran directly to the cue, resulting in a
distance of 0.

Transgenic and Wild-Type Mice Show a Similar
Light-Dark Preference
Light-dark preference is a classic measure of anxiety in
rodents (Costall et al., 1989). We used this task because
in the Barnes circular maze the mouse is motivated to
escape into a darkened area from a brightly lit area, and
therefore a difference in light-dark preference might have
affected performance on the Barnes circular maze. A shut-
tle box was employed to measure light-dark preference
across 5 min. Transgenic and wild-type females of both
lines were not significantly different from each other and
were found to have no preference for either the light or
dark side (Figure 6). Male mice of both genotypes had
a strong preference for the dark side but were also not
significantly different from each other. For both geno-
types, females were found to spend significantly more
time on the light side than males (F[1,34] = 9.526,
p < .005).

The observation that the transgenic mice acquired the
cued version of the Barnes maze and were not significantly
different from wild-type mice in light-dark preference sug-
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Figure 6. Total Amount of Time Spent on the Light Side for Male and
Female Transgenic and Wild-Type Mice during Light-Dark Preference
Assessment
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geststhattransgenics do not have severe sensory, motiva-
tional, or motor deficits. Therefore, their failure to acquire
the spatial version of the Barnes maze is evidently due to
their failure to acquire and retain a spatial search strategy
that requires the hippocampus.

Transgenic Mice Can Learn Context Conditioning
The finding of a selective defect in one hippocampal-
dependent spatial task encouraged us to assess perfor-
mance on another hippocampal-dependent task, context
conditioning. In context conditioning the animal learns to
associate an aversive stimulus with the novel environment
or context in which it is placed. We assessed both contex-
tual (hippocampal-dependent) and cued (hippocampal-
independent) memory in transgenic and wild-type mice
from both lines using the conditioned fear paradigm. In
this task, a tone (cue) and a novel environment (the distinct
new context the animal is placed in) are paired with shock
on the training day. On the testing day (24 hr later), if
the mouse has learned either the tone-shock or context—
shock association, then the tone or context will come to
elicit fear. When mice are afraid, they freeze and show a
total lack of movement (Blanchard and Blanchard, 1969;
Fanselow, 1980). Typically, the mouse assumes a crouched
position and shows increased respiration.

We measured the amount of time the mice spent freez-
ing during both training and testing days and found no

difference in freezing to either tone or context between
transgenic and wild-type mice of the P3 line (Figure 7A).
Thus, the CaMKII-Asp-286 mutation did not impair recog-
nition of context in this line of mice, even though it impaired
spatial memory. The transgenic mice from the P15 line
behaved somewhat differently than those of the P3 line
(Figure 7B). They froze significantly less to tone on the
training and testing days (genotype by line interaction:
F[1,45] = 5.0411, p < .05) and significantly less to context
on the testing day (genotype by line interaction: F[1,45] =
5.2893, p < .05), suggesting a deficit in both contextual
and cued fear conditioning. However, further analysis of
the tone data across days did not reveal a significant day
by genotype by line interaction, suggesting that the
transgenic mice learned the tone-shock association nor-
mally. Furthermore, aithough the P15 transgenics froze
significantly less overall, they nevertheless exhibited other
species-specific defense reactions, such as tail rattling,
jumping, increased respiration, and crouching position,
that are consistent with their being afraid (Bolles, 1970).
For example, although we did not systematically score
tail rattling, we observed that the P15 transgenic animals
exhibited more tail rattling than the wild-type animals fol-
lowing training. Thus, this line of animals also seemed
to learn and remember both the cue and context shock
association, but revealed that memory with the display of
other species-specific defense reactions. This difference
between the P3 and P15 lines may result from a motiva-
tional difference due to slight qualitative or quantitative
differences in transgene expression outside of the hippo-
campus. Nevertheless, our data suggest that both lines
of mice can learn about context, whereas they cannot learn
a spatial memory task. Consistent with this interpretation,
a second group of P15 trangenics behaved normally on
the conditioned fear task (data not shown).

Discussion

Genetic and Behavioral Dissection of Discrete
Behavioral Subroutines of Hippocampal-Based
Spatial Learning

Some time after the initial demonstration by Scoville and
Milner (1957) that the hippocampus is essential for certain
forms of memory storage, it became clear that memory
storage is not a unitary faculty of the mind but rather in-
volves a number of different storage processes, each us-
ing its distinctive neural systems (see Squire, 1992;
Schacter and Tulving, 1994, for review). In humans the
hippocampus, along with the medial temporal lobe, is re-
quired for the acquisition of new information about people,
things, and places. Both spatial and contextual memory
are forms of hippocampal-dependent memory that are par-
ticularly easy to study in experimental animals, and there
is now strong evidence that the hippocampus is essential
for both types of memory (Olton and Werz, 1978;
Fanselow, 1980). That both spatial and contextual memory
require the hippocampus, in turn, raises the question: Are
all forms of hippocampal-dependent memory fundamen-
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tally similar in nature, or can hippocampal-dependent
memory be subdivided into cognitive subroutines that em-
ploy different molecular steps, different aspects of neu-
ronal activity, and perhaps different regions within the hip-
pocampus?

To address these questions, we compared the perfor-
mance of wild-type and transgenic mice in two different
hippocampal-dependent tasks: the Barnes circular maze
and context conditioning.

The Navigational Capacity Is Selectively Impaired

in CaMKIil-Asp-286 Transgenic Mice

Mice expressing the CaMKII-Asp-286 transgene revealed
a severe impairment on the Barnes circular maze. They
progressed through the first two stages of learning, using
random and serial search strategies, but they failed com-
pletely to use a spatial strategy consistently, even when
overtrained for 3 weeks beyond the point when wild-type
animals had acquired the task. Being unable to master a
spatial strategy, the mice persist in using the serial search
strategy, which is cognitively less demanding because it
only requires the mouse to remember to search each con-
secutive hole. This serial search strategy makes minimal
demands on memory compared with the spatial search
strategy, which requires the mouse to use the muitiple
relationships among extramaze stimuli to guide it to the
escape tunnel.

A similar reliance on a serial or response strategy in-
stead of a spatial strategy occurs in experimental animals
with other types of spatial memory impairments. The use
of a serial or response strategy was observed in animals
with hippocampal lesions in both the radial arm maze
(Yoerg and Kamil, 1982) and the Morris water maze (Gal-
lagher et al., 1993; DiMattia and Kesner, 1988). Moreover,
both aged (Gallagher et al., 1993) and young (Staddon,
1983; Devan et al., 1992) animals employ response strate-
gies. Pharmacological manipulations, such as scopol-
amine administration, also increased serial search strate-
gies (Watts et al., 1981). Finally, animals also use a serial
search strategy when there are few or no extramaze cues
(Suzuki et al., 1980; Sutherland and Dyck, 1984) or when
they have been blinded (Dale and Innis, 1986; Zoladek
and Roberts, 1978). In contrast to this learning disability
on a spatial task, the transgenic mice perform as well as
wild types on a cued version of this task that does not
require a spatial strategy and is independent of the hippo-
campus.

The Barnes maze also provides an easy and objective
measure of perseverations. An increase in perseverations
can explain some of the increase in errors made by the
transgenic mice at the beginning of training on both the
spatial and the cued versions of the task. This observation
is consistent with an increase in perseverations and, sub-
sequently, errors, which was noted in animals with hippo-
campal lesions (Olton and Werz, 1978; Devenport et al.,
1988), in animals following the administration of N-methyl-
p-aspartate (NMDA) antagonists (Shapiro and O’Connor,
1992), and lastly, in mice with hippocampal disruptions

due to genetic manipulations (Silva et al., 1992a, 1992b;
Grant et al., 1992).

Spatial and Contextual Memory Can Be Dissociated:
A Distinction between Forming a Representation

of the Environment and Using That Representation
for Spatial Navigation

What cognitive processes underlie spatial performance
on the Barnes circular maze? In particular, does forming
an internal representation of the environment involve a
component of a learning and memory system that is dis-
tinct from formulating a strategy for successful spatial nav-
igation within that environment?

Various hypotheses have been advanced to explain ro-
dent performance in mazes. The spatial map hypothesis,
first developed by Tolman (1948) and later applied to hip-
pocampal-based learning by O'Keefe and Nadel (1978),
suggests that the relationship between goal areas and
extramaze stimuli is stored, topographically or in a Euclid-
ian representation, and then used to guide behavior to
goal areas. By contrast, the list hypothesis, proposed by
Olton (1978), suggests that performance on spatial mem-
ory tasks results from forming a list of goal areas in working
memory, with each goal associated with particular ex-
tramaze stimuli. According to this idea, each goal area
and its corresponding extramaze stimuli are treated as
individual units; locating a goal area can be achieved with-
out reference to other goal areas and their corresponding
extramaze stimuli (i.e., a spatial map is not required). The
navigational system hypothesis of Miiller et al. (1991) in-
corporates aspects of both the list and spatial map theo-
ries. Miiller et al. propose that spatial performance re-
quires two components: a spatial map or an internal
representation of space and a locale or navigational ca-
pacity. The spatial mapping capacity entails the ability to
formulate a topographical representation of the environ-
ment based on its shape and the distribution of stimuli
within the environment. The navigational capacity entails
the ability to formulate (or conceptualize) the shortest and
most efficient path through the environment based on the
relationships between stimuli in that environment. Both
the spatial map and navigational capacities are mediated
by the hippocampus, although the precise areas involved
in each, or how the mechanisms relate to one another,
are not known.

Our studies provide evidence that genetic analysis may
ailow one to distinguish between the ability to form an
internal representation of an environment, on the one
hand, and the ability to formulate the most efficient path
toward a distal goal, on the other. The CaMKIl-Asp-286
transgenic mice were unable to learn the spatial version
of the Barnes circular maze despite being overtrained for
3 weeks beyond the point when wild-type mice acquire
the task. However, these transgenic mice were able to
learn and remember context in the conditioned fear task.
The recognition of context must involve the formation of
some type of internal representation of the environment
or context. Thus, we find a dissociation in the transgenic
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mice between the ability to form an internal representation
of an environment necessary to recognize context, and
the ability to use that representation to form a navigation
strategy. This deficit is reflected in their inability to take
the shortest path to the escape tunnel in the Barnes maze.
Our studies suggest that the cognitive processes used in
spatial mazes are likely to involve a number of hippocam-
pal-based skills that are distinct from those used in recog-
nizing context, and that different neuronal lesions may
produce impairments in some skills without affecting oth-
ers. An alternative explanation is that the CaMKII-Asp-286
transgenic mice have a subtle hippocampal disruption that
is revealed only when performance on a more cognitively
demanding task is assessed.

Expression of Transgene in Other Regions of
Forebrain and during Development Limits the

Ability to Correlate Cellular Physiology

with Behavior

The clear and persistent impairment in spatial memory
found in both lines of transgenic mice suggests a require-
ment of hippocampal LTP in the range of 5-10 Hz for this
type of memory. There are, however, alternative interpre-
tations of this result. One possibility is that the spatial mem-
ory deficit is a function of a developmental or pleiotropic
effect of the transgene. For example, the presence of this
mutation during a critical period of neuronal development
might lead to a secondary effect on LTP and LTD. The
interpretation that the spatial memory impairment is a
function of the absence of LTP at the 6 frequency is lim-
ited by the fact that the physiological characterization of
the mutation was done only in vitro. The effect on LTP
and LTD in the intact animal was not determined. Also, it
is possible that the memory deficit arises from function-
al changes in other regions of the forebrain, since the
CaMKII-Asp-286 transgene is also expressed in the neo-
cortex, striatum, and amygdala. The effect of the trans-
gene on these other areas is not known, since the physio-
logical characterization of the mice focused exclusively
on the CA1 region of the hippocampus (see Mayford et
al., 19953, for a discussion of some of the problems with
transgenics and behavior as well as some possible solu-
tions).

Nevertheless, our results indicate that, even though the
expression of the transgene is widespread throughout
forebrain structures, its effect on behavior is highly selec-
tive. The transgenic mice show a deficit that is limited not
only to hippocampal-dependent forms of memory but to
a specific subtype of this memory. Moreover, a focus on
the CA1 region for spatial and other explicit forms of learn-
ing, although incomplete, is not unreasonable. In humans
a lesion restricted to the CA1 region of the hippocampus
gives rise to a memory loss selective for explicit forms of
memory (Zola-Morgan et al., 1986). Similarly, ischemic
injury to the hippocampus in experimental animals, which
leads to a selective loss of the CA1 pyramidal cells, pro-
duces a selective deficit in spatial memory ability (Auer
et al., 1989; Davis and Volpe, 1990).

The Roles of LTP and LTD in Spatial Learning

The synaptic mechanisms that underlie learning and
memory in the mammalian brain are not well character-
ized. Nevertheless, most models of learning and memory
invoke some form of use-dependent alteration in synap-
tic strength like LTP. Indeed, there is a reasonably good
correlation between aspects of LTP and spatial memory.
Infusion of blockers of the NMDA receptor into rat hip-
pocampus disrupts both LTP and spatial learning in the
Morris water and radial arm mazes (Shapiro and O'Con-
nor, 1992; Davis et al., 1992). Similarly, knockout of either
the CaMKlla or the fyn gene gives rise to mice that have
a defect in LTP and show concomitant deficits in spatial
memory (Silva et al., 1992a, 1992b; Grant et al., 1992).
However, both blockade of the NMDA receptor and the
knockout of CaMKlla or fyn interfere with LTD as well as
LTP (Dudek and Bear, 1992; Stevensetal., 1994; J. Wang,
unpublished data). It therefore has proven difficult to as-
sign the memory deficit in these animals solely to the lack
of LTP. Indeed, when LTD is spared, as in mice with a
knockout of the PKCy gene, there is only a minor learning
impairment, even though high frequency LTP is blocked
completely (Abeliovich et al., 1993a, 1993b). Since in
these mice the block of LTP can be overcome by priming
stimulation at frequencies that produced LTD (1 Hz), To-
negawa and his colleagues have suggested that LTD may
serve as a primary synaptic mechanism for the acquisition
of spatial information.

The availability of transgenic mice that express the Ca?'-
independent Asp-286 transgenic form of CaMKII has al-
lowed us to address this suggestion. Specifically, these
transgenic mice have allowed us to investigate two ques-
tions. First, is LTD the primary synaptic mechanism for
hippocampal-based learning? If so, does enhanced LTD
lead to enhanced spatial learning and memory ability?
Second, does learning by the animal require that it have
the capability to produce LTP at frequencies of 5-10 Hz,
or is LTP produced at 100 Hz sufficient for learning and
memory?

In our transgenic mice, there is normal LTP produced
by high frequency stimulation (100 Hz) and normal LTD
produced by low frequency stimulation (1 Hz). However,
in the intermediate frequencies, in the range of 5-10 Hz,
stimulation in the transgenic animals produces either LTD
or no change in synaptic strength, whereas the wild-type
animals show LTP at these frequencies. Thus, the
transgenic animals retain the capacity to form both LTP
at high frequencies and LTD at low frequencies. However,
at the frequencies in between, the transgenics favor LTD
as compared with wild-type mice. In addition, in one line
of CaMKIlI-Asp-286 mice, the quantitative level of LTD
obtainable at 1 Hz is also enhanced.

LTP at the 6 Rhythm Frequency May Be Required
for Spatial but Not Contextual Memory

The hippocampus is clearly required for spatial memory.
Moreover, there is evidence for the involvement of hippo-
campal LTP in this memory. However, LTP can be pro-
duced in a variety of different ways. For example, LTP can
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be produced at frequencies that range from 5 to 100 Hz.
The precise physiological frequencies that may induce
LTP during different forms of learning are not known.
There are, however, several reasons to believe that fre-
quencies of about 5 Hz may be particularly important for
spatial memory, because these frequencies simulate en-
dogenous firing patterns that seem important for spatial
memory. When a rodent explores a hew environment, it
displays a 4-12 Hz 6 rhythm in the hippocampus driven by
cholinergic synaptic inputs from the medial septum (Bland,
1986; O’Keefe, 1993; Smythe et al., 1992). Cholinergic
activation in turn leads to a depolarizing oscillation at the &
frequency in the membrane potential of the CA3 pyramidal
neurons (Bland et al., 1988; MacVicar and Tse, 1989;
Leung and Yin, 1991). At the peak of these depolariza-
tions, the CA3 cells fire one or more action potentials that,
in turn, might induce 6 frequency LTP in the CA1 neurons.
Thus, the learning impairment seen in CaMKII-Asp-286
transgenic mice may be due to the lost capacity to form
LTP in response to the synaptic activation patterns that
occur during learning. Equally interestingly, the enhanced
LTD atthese frequencies does not seem capable of substi-
tuting for LTP in sustaining memory storage in this situ-
ation.

The idea that LTP produced by synaptic activation in
the 0 frequency range is necessary for spatial memory
formation is consistent with the observation that lesions
of the medial septal area, which destroy the cholinergic
input to the hippocampus and thereby disrupt the 6 rhythm
oscillations, interfere with spatial memory (Winson, 1978).
By contrast, septal lesions enhance contextual fear condi-
tioning (Sparks and LeDoux, 1995). This supports the idea
that LTP produced by 8 frequency stimulation is necessary
for the formation of spatial memory but not for contextual
memory. This dissociation of these two forms of explicit
memory in response to disruption of the 6 rhythm parallels
the effect we have seen in mice lacking 0 frequency LTP.
Thus, the ability of CaMKII-Asp-286 mice to learn and
remember context in the fear conditioning paradigm, to-
gether with the septal lesion data, suggests that LTP pro-
duced in the 8 frequency range is not utilized for this form
of memory.

Different Hippocampal-Based Learning Tasks May
Use Different Forms of Synaptic Plasticity

The selective impairment of spatial as opposed to contex-
tual memory in the CaMKII-Asp-286 transgenic mice sug-
gests the possibility that the two hippocampally mediated
tasks use different synaptic mechanisms. Just as different
regions of the brain control different aspects of animal
behavior, including different aspects of memory storage,
it is possible that different forms of synaptic plasticity pref-
erentially contribute to different aspects of memory stor-
age in the same brain region. Hippocampal-dependent
tasks represent a large variety of learning skills that almost
certainly require different neural subsystems and different
physiological and synaptic mechanisms. This is certainly
the case for hippocampal-independent tasks. For exam-
ple, long-term memory for habituation of the gill-with-

drawal reflex in Aplysia involves a homosynaptic depres-
sion in the connections between the sensory and motor
neurons (Carew and Kandel, 1973) that seems indepen-
dent of cAMP, whereas long-term memory for sensitization
involves an enhancement of synaptic strength (Frost et
al., 1985) that is mediated by cAMP and CREB-induced
gene activation (Alberini et al., 1994). Our results suggest
that different forms of hippocampal-dependent memory,
even for a given class of tasks such as memory for one’s
environment, can be divided into at least two subcategor-
ies, contextual memory and spatial memory, with 6 fre-
quency LTP necessary only for the latter. The use of genet-
ically modified mice with subtle deficits in synaptic
physiology restricted to limited regions of the brain may
help the dissection of different subroutines of memory stor-
age, on the one hand, and the ascription of different forms
of plasticity to the cognitive subroutines, on the other.

Experimental Procedures

Barnes Circular Maze Task

Twenty-four mice from the P15 line (transgenic: n= 6 females and 6
males; wild-type: n = 6 females and 6 males) and 11 female mice
from the P3 line (transgenic: n = 5 [1 died]; wild-type: n = 6) were
assessed on the spatial version. Twenty mice from the P15 line
(transgenic: n = 5 females and 5 males; wild-type: n = 5 females
and 5 males) and 17 female mice from the P3 line (transgenic: n =
9; wild-type: n = 8 [1 died]) were assessed on the cued version. The
Barnes circular maze was an acrylic disc 122 cm in diameter, one-
quarter inch thick that was painted with white epoxy paint. The maze
was elevated 90 cm above the floor by two movable pedestals. Forty
holes, 5 cm in diameter, were located 5 cm from the perimeter, and
a black plexiglass escape tunnel, 45 x 11 cm in size, was placed
under 1 of the holes. On the first day of testing, a training trial occurred,
which consisted of placing the mouse in the tunnel and leaving it
there for 1 min. At 1 min following the training trial, the first session
commenced. At the beginning of each session, the mouse was placed
in the middle of the maze in a 10 cm high cylindrical black start cham-
ber, and a buzzer (80 dB) from a timer (Gradlab model 167) was turned
on. The timer was affixed to the ceiling over the maze. After 10 s had
elapsed, the chamber was lifted and the mouse was free to explore
the maze. The session ended when the mouse entered the escape
tunnel or after 5 min elapsed. When the mouse entered the escape
tunnel, the buzzer was turned off and the mouse was allowed to remain
in the dark for 1 min. In the spatial version of the task, the tunnel
was always located underneath the same hole, which was randomly
determined for each mouse. In the cued version, the cue (23 cm tall
blue, white, and red aerosol can) was placed directly behind the hole
with the escape tunnel beneath it. The position of the escape tunnel
varied randomly from day to day. In both versions, the mice were
tested once a day until they met criterion (7 out of 8 sessions with
three or fewer errors) or a maximum number of days had elapsed.
The order of holes searched was recorded manually by a blind ob-
server, and from these data the following variables were derived: er-
rors, distance from tunnel during initial search, and perseverations.
Errors were defined as searches of any hole that did not have the
tunnel beneath it. Searches included nose pokes and head deflections
over the hole. Distance was calculated by counting the number of
holes between the first hole searched and the escape tunnel. The
maximum distance possible was 20; chance was 10. Perseverations
were defined as repeatedly searching the same hole or 2 adjacent
holes.

A ¥? test was used to compare the percentage of transgenic and
wild-type mice that acquired the spatial and cued versions. In the cued
version, a Mann-Whitney U test was employed to compare sessions
to acquisition in transgenic and wild-type mice. In both versions, nu-
merical data on errors, distance, and perseverations were analyzed
as follows. First, within the P15 line a two factor ANOVA (gender and
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genotype) revealed no significant effect of gender, so the data were
collapsed across this variable. Similarly, a two factor ANOVA (line
and genotype) revealed no significant effect of line, so the data were
collapsed across this variable. Lastly, a two factor ANOVA (genotype
and biock) with one repeated measure was employed to test the effect
of genotype.

The search strategy data were obtained by examining each mouse’s
daily session and classifying the sequence of hole searches into one
of three operationally defined categories. The random search strategy
was defined as localized hole searches separated by crossings
through the center of the maze. The serial search strategy was defined
as systematic hole searches (every hole or every other hole) in a clock-
wise or counterclockwise direction. Lastly, the spatial search strategy
was defined as reaching the escape tunnel with both error and distance
scores of 3. Two raters, who were blind as to whether the mice were
transgenic or wild type, classified each mouse’s data independently
and attained 100% congruence. For each search strategy, the data
were analyzed statistically in the same manner as the data on errors,
distance, and perseverations.

Light-Dark Preference Assessment

Twenty-four mice from the P15 line (fransgenic: n = 6 females and
6 males; wild-type: n = 6 fernales and 6 males) and 14 female mice
from the P3 line (transgenic: n = 7; wild-type: n = 7) were tested
individually in a shuttlebox (Med Associates) for 5 min. One side of
the shuttlebox was darkened with black construction paper, and the
floor grids were covered with paper. Two halogen lights, each 50 W,
were placed 10 cm above the light side. The total amount of time
spent in the light and dark sides was recorded. A two factor ANOVA
(genotype and sex) was employed to analyze the amount of time spent
on the light side of the light-dark box.

Conditioned Fear Paradigm

On the training day, mice were brought to a novel room and placed
in a mouse operant chamber (Med Assaciates) consisting of two plexi-
glass walls, two metal walls, a metal grid floor, and a clear plexiglass
top. The chamber was in a sound- and light-attenuating box illuminated
by one 25 W bulb. The experimental contingencies were controlled
by a computer via a program written with Med-PC Software (Med Asso-
ciates). At 3 min after the mouse was placed in the chamber, a 20 s,
75 dB Sonalert tone (Med Associates) was presented. During the last
second of tone, a 0.75 mA footshock was delivered through the grid
floor. The shock generator was connected to the grid floor through a
scrambler (Med Associates). The 1 s footshock was followed by two
more tone-shock pairings at 1 min intervals. Memory for either the
context-shock or tone-shock association was assessed 24 hr later
by measuring the amount of freezing exhibited by the mice in the
presence of the old context and then in the presence of the tone in
a second novel context. The novel context was also a mouse operant
chamber (Med Associates) that was altered by covering the grid floor
and walls with construction paper and adding a novel scent. The mice
were placed back into the old context for 3 min, and then ~2 hr later
they were placed into the novel context for 3 min followed by three
20 s tone presentations, each separated by a 1 min interval. Freezing
was defined as a total lack of movement with the exception of respira-
tion. Three factor ANOVAs (genotype, line, and day) with one repeated
measure were used to analyze freezing to tone and context.
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