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Abnormal Hippocampal Spatial Representations
in «CaMKII™28¢A and CREB>*~ Mice

Yoon H. Cho, Karl P. Giese, Heikki Tanila, Alcino J. Silva,
Howard Eichenbaum*

Hippocampal “place cells” fire selectively when an animal is in a specific location. The
fine-tuning and stability of place cell firing was compared in two types of mutant mice
with different long-term potentiation (LTP) and place learning impairments. Place cells
from both mutants showed decreased spatial selectivity. Place cell stability was also
deficient in both mutants and, consistent with the severities in their LTP and spatial
learning deficits, was more affected in mice with a point mutation [threonine (T) at
position 286 mutated to alanine (A)] in the « calmodulin kinase Il («CaMKIIT28¢4) than in
mice deficient for the o and A isoforms of adenosine 3'5'-monophosphate-responsive
element binding proteins (CREB>~"). Thus, LTP appears to be important for the fine
tuning and stabilization of place cells, and these place cell properties may be necessary

for spatial learning.

The hippocampus and related brain struc-
tures play a critical role in spatial memory in
rodents (I, 2). Correspondingly, activity of
the CA1 and CA3 pyramidal cells reflects an
animal’s position in space, reinforcing the
hypothesis that the hippocampus mediates a
maplike representation of the environment
(I, 3). In addition, hippocampal circuitry
supports a variety of synaptic plasticity
mechanisms including N-methyl-D-aspartate
receptor (NMDAR)—dependent LTP (4).
Current research with mutant mice (5-7) is
aimed at drawing a closer connection be-
tween LTP, place cells, and spatial memory
(8). Here we examined the spatial firing
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patterns  of  hippocampal cells in
aCaMKIIT?%4 and CREB*A™ mutant mice
because these mutants differ substantially in
the severity of their defects in synaptic plas-
ticity and learning. The aCaMKI[T286A
mice are severely impaired in spatial learning

as well as in NMDAR-dependent LTP in the
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CA1 region of the hippocampus (9). In con-
trast, CREB**~ mice have reduced LTP and
mild spatial learning deficits (10). Conse-
quently, we expected to find more profound

abnormalities in the spatial representations
of aCaMKIIT?%A mice than in those of

CREB*“*™ mice.

Mice were repeatedly allowed to ex-
plore a four-arm radial maze that con-
tained a large set of controlled stimuli,
including local cues consisting of a dis-
tinctive surface on each maze arm, and
distal cues composed of distinct three-
dimensional objects on a curtain sur-
rounding the maze (Fig. 1). Once hip-
pocampal complex-spike cells were isolat-
ed (I1), recordings were taken for a 5- to
10-min baseline trial in which all distal
and local cues were in their usual config-
uration (session I). Immediately afterward
we tested the reaction of cells to a rear-
rangement of the familiar cues by record-
ing for an additional 5 to 10 min with the
local and distal cues rotated 90° in oppo-
site directions (session II). Finally, to as-
sess the ability of place cells to recover
their original representations, we recorded
the cells again for 5 to 10 min with the

Table 1. Firing properties of place cells. Numbers in parentheses indicate standard errors.

Place cell parameter Wild type aCaMKI|[T286A CREB*A~

No. of complex-spike cells 24 32 45

No. of place cells 12 14 24

Mean firing rate (Hz)* 0.678 (0.189) 1.239 (0.304) 0.844 (0.161)
No. of fields per cell 1.833 (0.297) 2.643 (0.401) 2.917 (0.345)
Place field size (pixels) 10.091 (1.147) 8.811 (0.910) 11.129 (1.185)
Infield firing rate (Hz)t 4.342 (0.467) 6.337 (0.776)%§ 3.607 (0.265)
Spatial selectivity|| 0.995 (0.081) 0.707 (0.035)% 0.726 (0.037)%

*The firing rate was calculated as the total number of spikes divided by total time (in seconds) spent in the
maze. + Mean firing rates for pixels within the place fields. I Significantly different (Newman-Keuls tests, P < 0.05)
from WT cells. §Significantly different (Newman-Keuls tests, P < 0.05) from CREB*2~ cells. | Logarithm of the
ratio of the mean firing rate within the field to the mean firing of all rates outside the field. A score of 1.0 indicates a 10-fold
increase in firing inside the place field.
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local and distal cues in their original con-
figuration (session III).

Here we describe the spatial firing pat-
terns of complex-spike cells from three
aCaMKIIT?%A mice, six CREB**~ mice,
and four wild-type (WT) littermates (12).
In session I, about half of the neurons re-
corded from each group were identified as
place cells, that is, cells with spatially selec-
tive activity characterized as place fields
(Fig. 1) (13). As is typical of rat place cells
(3), the overall firing rates of mouse place
cells were ~1 Hz in all groups (Table 1). In
addition, other standard firing parameters of
these cells did not differ significantly among

Session |

WT

«CaMK | T286A

CREB*Y

Session Il

the groups, although in aCaMKIIT?8°4 mice
firing within the place field was elevated.
However, spatial selectivity (the ratio of
mean firing rate in, and mean firing rate out
of the place fields) was abnormally low in
both aCaMKIIT?864 and CREB*A~ mice
[one-way analysis of variance, F(2,126) =
7.835, P < 0.001] (Table 1), as reflected by
more scattered firing patterns (Fig. 1). Ac-
cording to previous observations, repeated
exposure to a new environment results in a
“focusing” of place fields, reflected by an
increase in spatial selectivity (14, 15). This
phenomenon is prevented by treatment with

an NMDAR antagonist (15), which is also

Session I

Fig. 1. Example of wild-type (WT), «CaMKIIT™8%A and CREB*A~ place cells. (Top) Diagram of the radial
maze. Four distinct, brightly colored objects (distal cues A, B, C, and D) were placed on dark curtains
surrounding the maze, and each of the 30-cm maze arms was covered with an insert that was distinct in
texture, color, and odor (local cues indicated by shadings). The cue configuration was identical for sessions
land lll. In session I, all four local cues were rotated 90° clockwise, and all four distal cues were rotated 90°
counterclockwise. (Bottom) Spatial firing patterns of typical WT, aCaMKII™28%4, and CREB*A~ cells. Blue
pixels indicate locations visited at least three times without cell activity, and colored pixels indicate local
activity rates (in hertz). The place field of the WT cell followed the rotated local cues in session I, and
returned to the original location in session lll. In the aCaMKIIT2864 cell, spatial localized firing in session | was
unstable, that is, it changed loci unpredictably across subsequent sessions. In the CREB>2~ cell, multiple
place fields developed in session | were degraded in session II, but were restored in session lIl.
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known to block some forms of LTP (4). One
interpretation of the poor selectivity in the
mutant place cells is that focusing did not
occur because of their deficient capacity for
LTP. These findings are consistent with pre-
vious reports of decreased spatial selectivity
in two mutants with abnormal LTP (6, 7).
In session II, when the familiar cues were
reconfigured, WT cells largely maintained
the same spatial representations as in session
I, whereas aCaMKI[T?%A and CREB*A~
cells showed new representations, indicating
a marked instability of place representations
in these mutant mice (Fig. 2). Two-thirds of
WT place cells kept the identical spatial
representations (16), or the representation
changed only by rotation of all the place
fields 90° in concert with the rotation of
either the local or the distal cues (Same, Fig.

Local

'_
= Changed

V4
b/ Distal

Fixed

Disappeared

«CaMK||T286A

Changed

Local

Disappeared

CREB%

Changed

Fig. 2. Place cell responses to cue manipulations
in session Il. Cells maintaining place fields devel-
oped in session | (Same) include those that re-
mained fixed in the same maze arm or rotated with
the local or distal cues. Cells considered to have
different representations (New) include those
whose place fields changed location inconsistent
with a simple rotation (76), and those in which the
place field disappeared altogether.
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2) (17). The remaining minority of cells
developed different place fields, and no
cells lost spatial firing altogether (New, Fig.
2). In contrast, only a minority of both
aCaMKIIT?%A and CREB**~ cells main-
tained their place fields, whereas most devel-
oped new place fields, and a few lost spatial
selectivity altogether. The distributions of
Same and New responses differed signifi-
cantly between groups [x* (2) = 7.317, P <
0.05], and both the aCaMKIIT?84 and
CREB*~ distributions differed significantly
from that for WT cells (P < 0.05).

When the highly familiar environment
was presented again in session III, two-thirds
of the WT cells and half of the CREB*A~
cells showed the same representations as in
session I, whereas only a few aCaMKIIT2864
cells did so. Compared with WT mice,
the proportion of Same responses in
aCaMKIIT?%A mice was significantly de-

creased [x? (1) = 5.418, P < 0.02], whereas
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Fig. 3. Distributions of four response patterns of
place cells in (A) WT, (B) aCaMKII™28%A and (C)
CREB“A~ mice in sessions Il and Ill. Same-Same
are cells that maintained session | spatial repre-
sentations across sessions Il and lll. New-Same
are cells that developed new representations in
session Il but recovered their original representa-
tions in session lll. Same-New are cells that re-
tained the session | representation in session Il but
developed a new representation in session |ll.
New-New are cells that developed new represen-
tations in sessions Il and IIl.
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that for CREB*4~ was not [x* (1) = 0.9, not
significant]. Comparison of the patterns of
Same and New responses across all three
testing sessions (Fig. 3) showed that the dis-
tributions differed among the three groups
[x? (6) = 18.489, P < 0.01], and those for
both the «CaMKIIT?864 and CREB*A ™ cells
significantly differed from that of WT cells
(P < 0.05). In WT mice, the majority of
cells maintained their initial spatial repre-
sentations (with or without a rotation) in
both sessions II and III (Fig. 3, Same-Same).
In contrast, the largest proportions of cells in
both mutant mice developed new spatial
firing patterns during both sessions Il and 11
(Fig. 3, New-New), indicating that they
were less likely to be controlled by specific
subsets of the stimuli present throughout
testing. However, this finding is not entirely
attributable to an overall instability of place
fields in both types of mutants. A substantial
proportion of CREB*A~ cells had new place
fields in session II but restored their initial
fields in session III (Fig. 3, New-Same), sug-
gesting that many of these cells did not
“recognize” the familiar cue subsets when
re-arranged. Nevertheless, they could recov-
er their original representations when the
familiar cue arrangement was restored. Un-
like CREB**™ cells, a substantial proportion
of aCaMKIIT2864 cells that maintained their
place representations in session II subse-
quently switched to a new spatial represen-
tation in session III (Fig. 3, Same-New),
demonstrating a profound place cell instabil-
ity in aCaMKIIT?8¢A mice.

In parallel with the LTP and spatial
learning deficits of the mutant mice stud-
ied here, our results show that place
cell stability is more severely affected in
the aCaMKIIT?%¢A mice than in the
CREB** “mutants. Although the rotation
of the cues disrupted place fields in the
hippocampus of both mutants, only the
cells in aCaMKIIT?%¢4 mice could not
recover their representations when the
cues were restored to their original config-
uration. These observations of place field
instability, along with deficient LTP and
impaired memory, are consistent with the
proposal that NMDAR-dependent plastic-
ity mediates the maintenance of represen-
tations for specific episodes as familiar
items are reexperienced in repeated or
novel configurations (I18).
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