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Abnormal Hippocampal Spatial Representations 
in aCaMKIIT286A and CREBaA- 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 a calmodulin kinase II (aCaMK11T286A) than in 
mice deficient for the a and 1 isoforms of adenosine 3'5'-monophosphate-responsive 
element binding proteins (CREBm'-). 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. 

T h e  hlppocamp~ls and related brain struc- 
tures play a crltlcal role In spatial memory In 
roJerirs ( 1 ,  2 ) .  CorresponJingly, actl\-lty of 
the C A 1  ,tnJ CX3 1~~min ida l  cclls rztlecta an 
animal's position iri ?pace, rcinf~>rcirig the 
hypothesi? that the hippocaml~us ~nediates a 
maplike representation of the enr.iri~nment 
( 1 ,  3 ) .  I11 addition, liipl~ocampal circuitry 
s ~ p p ~ r t s  a i.,tricty of synaptic plc*sticity 
mechanism? incluiling X-~ne th! - l -~-a?~~;~r t~ i tc  
receptor (Kb1DXR)-~lcprn~lent  LTP (4 ) .  
Current resc,trch \vith mutant micc (5-7) is 

patterns o t  hippocampal cell? in 
otCah4KIIT'i'i ancl CREA" '  lnutarit Inice 
hccausc these mutnnts cliit;r ~;irhstar-irially In 
the st.\-crlty of thclr defects 111 synaptic plas- 
ticity anii lcaming. Tlic aCahlKIIT.'s"i 
micc ,~ rc  se\~crely imp,iired in s p t i a l  leC*rning 
as wcll as in Nh4DAR-ciepcnilent LTP in the 

Table 1. Firtig properiies of place cells. Numbers 

C A 1  rcgim of the hip~ocalnpus (9). In con- 
tr;i?t. CREBnA- mice  ha\^ re~l~rcccl LTP and 
11111~1 spttial learriing ileficits ( 1 Q). Conqc- 
iluentl!-, n.e expected to firid n o r e  p ra f i i~~nJ  
abr-iormalltie? In the spati,il repre?cnt,~tions 
of otCahIKIIT'i"" inice tliall in those of 
CREB"'  mice. 

hllicc vvcre rcpcateclli. allowed to c s -  
~ l o r c  ,i four-arm railial ma;e that  con- 
t,zined C* laree qet of controlleel sti ini~li .  
including local circs consisting of a ilis- 
tinctive surface or1 each maze arm, and 
ilrstal c~rcs  cc~mposcil of distinct thrce- 
Jimensional olyccts on a cirrtalri SLIT-  

ro~rnilirig the  m~tzc (Fiq. 1 ) .  O n c e  111p- 
pocampal coml.lex-spike cclls were iqolat- 
e ~ l  (1 1 ), rccorilings \yere taken for ;i 5- t o  
10-min haseline trlal In \vhich ,111 dlstal 
anii local cues \yere in thclr usual config- 
ilr;ition iscssion I ) .  Iinmcdiateli. afterward 
we tested the  rcactlon of cclls to a re~zr- 
rangement of the  fa~niliar cues hy record- 
ing fi)r a n  ,ziliiitional 5 to  li7 iniri \virh the  
local  nil clistal CIICS rotatcil 90' 111 oppo- 
sltc Jirections ( scs lon  11). Fin,zlly, to as- 
~ c s s  the  abilit!- iif place cell? to  recol-er 
their original reprcierirations. \ye rcci>rJeil 
tlie cells ,y,zin for i t o  1 i7 inin \vith the  

I -  parentheses ndcate s-anoaro errors 

Place cell para,nerer Wid type 

aimeil ;it draaing a closer ion~lciti i ir i  bc- 
No, of conipex-spike cells 24 32 45 

tween LTP, place cells, ani] spatial memory No, of place cells 12 14 2 4 
(8). Here \ve examineJ the spttial firin? M~~~ firing rate (H~:+  0.678 (0.189: 1 239 (0 304) 0 844 (0.161 j 

No. of fleos per cell 1.833 (0.297; 2.643 (0.401) 2 917 (0.345; 

Y F Chs and d .  Echenbaum, Cspartmsni of Psyci-01- 'lace ' l e d  size 'plxes) 10.091 (< . <  47) 8 81 1 (0.91 3) 11.129 (1.185) 

ogy, Boston Unvs~s~ ty ,  Bosto,i MA 0221 5 LSA n f e d  fir~ng rate (Hz)-l- 4.342 (0 467) 6 337 (0.77633% 3.607 (0.265; 
K. 2. Sese and A. J. S;>a C o n  Snrna darhor Labora Spatla seec t l v l t ~ l l  0 995 (0.081) 0.707 (0.035j:I: 0 726 (0.037ji: 
tor,, C o d  Sprng darbor UY 11 72'4 L ~ A .  
Li. Tana,  Cepart~nent of Nsuroszence and Usur: sg:', '-hs 'irng rate ';'!as c a c ~ a t s d  as ti-e total n~1,7ber  of si; xes d vldeci I::' total : I re  {in seconds) soer-t In the 

Uni'ersiy o- KLIOPIS, 7021 1 KL IS~ IO  Fnand. 
!i iare. -- h ~ l e a n ~ ~ i n g  ra-es for ljixels ';>!ithn :he place feds.  ! Sgnficantly dtsrent :Ne'r;~nan-Keus tests P -c 3.05 
from I f ! '  cells CSgnfcaniy dferent ;Ne'r;man-l<eus :ests, P c: 3 .35  from CREWA cells. I Loqa!thrn sf the 

.-o ';5!i-o~n zorressondence s l i o~~ ld  be addrsssed. E-mail: rato s'tiie msan f i ~ n g  i t e  v~~tl ' i i i  tile feld i s  itie msan f rng sf a raies sutsde tile f ed .  A scors of 1.0 ndici tss a 183-fold 
1ibeQbu.edt1 ncrsase n iring n s d s  ti-e p acs f s  d. 



local and distal cues in their original con- 
figuration (session 111). 

Here we describe the spatial firing pat- 
terns of complex-spike cells from three 
aCaMKIIT286A mice, six CREBaA- 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 

the groups, although in aCaMKIIT286A 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 aCaMKIIT286A and CREBaA- mice 
[one-way analysis of variance, F(2,126) = 
7.835, P < 0.0011 (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 Session II Sesslon Ill 

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 11, when the familiar cues were 
reconfigured, WT cells largely maintained 
the same spatial representations as in session 
I, whereas aCaMKIIT286A and CREBaA- 
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. 

Fig. 1. Example of wild-type (WT), ( w C ~ M K I I ~ ~ ~ ~ ,  and CREBaA- 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 
I and Ill. In session I 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, u C ~ M K I P ~ ~ ,  and CREBaA- 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 I ,  and 
returned tothe original location in session 111. In the aCaMKIIT286Acell, spatial localized firing in session I was 
unstable, that is, it changed loci unpredictably across subsequent sessions. In the CREBaA- cell, multiple 
place fields developed in session I were degraded in session I I ,  but were restored in session Ill. 
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Fig. 2. Place cell responses to cue manipulations 
in session II. Cells maintaining place fields devel- 
oped in session I (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 (16), and those in which the 
place field disappeared altogether. 



2) (17). The remaining minority of cells that for CREWA- was not [X2 (1) = 0.9, not 5. A. J. Sib. C. F. Stevens, S. Tonegawa, Y. Wang, 
Science 257,201 (1992); A. J. Silva, R. Paylor, J. M. developed different place fields, and no significant]. Comparison of the patterns of Wehner, S, Tonegawa, ibid., pp. 206; J, Tsien, P. T. 

cells lost spatial firing altogether (New, Fig. Same and New responses across all three Huerta, S. Tonwawa, Cell, 87,1327 (1996). 
2). In contrast, only a minority of both testing sessions (Fig. 3) showed that the dis- 6. T. J. McHugh, K I. Blum, J. Z. Tsien. S. Tonegawa, 

aCaMKIIT286A and CREBa" cells main- tributions differed among the three groups ~ ~ ~ ~ ; ~ , 8 ~ ~ y r ~ ~ , ( 1 R ~ ~ :  E, R, 
tained their place fields, whereas most,devel- [X2 (6) = 18.489, P < 0.011, and those for Kandel, R. U. Muller, ibjd,., p. 1351. 
oped new place fields, and a few lost spatial both the aCaMKIIT286A and -BaA- cells 8. H. Eichenbaum, Learn. Mem. 3,61(1996); M. Wilson 

selectivity altogether. The distributions of significantly differed fmn that of WT cells 
g, ~ $ s ~ ~ ~ e ~ ~ ,  ~ 7 $ 0 ~ ~ ~ ~ ~ , " i ( ~ ~ ~ ~ 3 :  

Same and New responses differed signifi- (P < 0.05). In WT mice, the majority of siba, sc&, 279,870 (1998). 
candy between groups [X2 (2) = 7.3 17, P < cells maintained their initial spatial repre- 10. R. Bourtchuladze et a/., Cell 79, 59 (1 994); J. H. 
0.051, and both the aCaMKIIT2RA and sentations (with or without a rotation) in 

&~~~~$&~$'9J&9&)kmst-- 
CREPA- distributions differed significantly both sessions I1 and 111 (Fig. 3, Same-Same). ,tetrode-configured blndles of 25-w Fomnmrcoat- 
from that for K T  cells (P < 0.05). In co~trast, the largest ~ r ~ ~ r t i ~ n s  of cells in ed nichrome wires carried by a miniature microdrive 

When the highly familiar environment 
was presented again in session 111, two-thirds 
of the WT cells and half of the CREBaA- 
cells showed the same representations as in 
session I, whereas only a few aCaMKIIT286A 
cells did so. Compared with WT mice, 
the proportion of Same responses in 
aCaMKIIT286A mice was significantly de- 
creased [X2 (1) = 5.418, P < 0.021, whereas 

Session I1 Same 
Session Ill Same 

Fia. 3. Distributions 

New Same New 

Same New New 

of four resDonse Dattems 

- 
both mutant mice deveLped new spatial 
firing patterns during both sessions I1 and 111 
(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 CREBaA- cells had new place 
fields in session I1 but restored their initial 
fields in session 111 (Fig. 3, New-Same), sug- 
gesting that many of these cells did not 
3' 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 CREBaA- cells, a substantial p~oporti~n 
of ( u C ~ M K I I ~ ~ ~ ~ ~  cells that maintained their 
place representations in session I1 subse- 
quently switched to a new spatial represen- 
tation in session 111 (Fig. 3, Same-New), 
demonstrating a profound place cell instabil- 
ity in aCaMKIIn8" 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 aCaMKIIT286A mice than in the 
CREBaA-mutants. Although the rotation 
of the cues disrupted placi fields in the 
hippocampus of both mutants, only the 
cells in aCaMKIIT286A 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 ( 1  8). 

(19). Under ketamine (50 mg per kilogram of body 
weight) and xylazine (2 mgkg) anesthesia, the elec- 
trode array was implanted at 1.7 mm posterior to 
bregma, and 1.7 mm right of the midline, just above 
the dorsal hippocampus. The electrode was lowered 
gradually each day, after which recordings were eval- 
uated for spike unit activity. Recordings were passed 
through a unity gain preamplifier-headstage, ampli- 
fied (10,000 times) and bandpass-filtered (0.3 to 0.6 
kHz low cut, and 5 to 6 kHz high cut), and digitized at 
32 kHz (Data Translation DT2821) with Enhanced 
Discovery software (DataWave Technologies). Ani- 
mal position was tracked with a video camera system 
(DataWave Technologies) that followed an incandes- 
cent headstage lamp at 60 Hz. Single cells were 
isolated by waveform parameters (Autocut, Data- 
Wave Technologies), and cell isolations were consid- 
ered stable when clusters remained within fixed 
boundaries throughout testing. 

12. Both aCaMKIIT286A and CREBaA- mutant mice 
were from the F, generation of a cross between 
strains 129 and C57BL/6. Data from WT littermates 
from both groups (n = 2 from each) were combined, 
because their genetic backgrounds were very similar 
and their results were statistically indistinguishable. 
Mice were housed individually and kept at 95% ad 
libitum body weight. 

13. In characterizing pbce fields we used data only from 
when the rouse was moving at least 1 cmls, and there 
were no significant group differences in running speeds 
(WT = 2.98 2 0.33ds;  aCaMKlITZm = 2.76 -C 0.1 7 
d s ;  CREW- = 2.77 + 0.22 d s ) .  Aphoe fiekl was 
identified as a continuous area of at least 22.5 cm2 (four 
pixels of 2.37 cm by 2.37 cm) where the average firing 
rate was at least two tirnesthe cell's owall firing rate. By 
these criteriaa place cell could have multiple discontigu- 
ous place fields (see Fg. I )  that were considered sepa- 
rat* in assessments of spatial selectivity. 
M. A. Wilson and B. L. ~c~augh ton ,  -Science 261, 
1055 (1 993). 
K. B. Austin, W. J. Fortin, M. L. Shapiro, Soc. Neu- 
rosci. Abstr. 16, 263 (1 990). 
A place field was considered fixed w only rotated if all its 
pixels were within 15 cm (hatf of the arm's length) of the 
axal expanse of the o~iginal placefie!d either in the same 
arm or the appropriate 90'-rotated arm, r e s p e c t i .  
Fixed phce fields were assumed to be under the control 
of unidentified stable environmental cues. 
In rats distal cues control the largest proportion of 
place cells (19), but in WT mice local cues predom- 
inate. However, when local cues were removed and 
replaced with identical smooth black arms in a sep- 
arate analysis, most place cells remained spatially 
selective. This result indicates that although place 
cells in mice attend preferentially to local cues, they - . . 

place cells in (A) WT, (6) ~ C ~ M K I I T ~ ~ ~ ,  and (C) also respond to distal cues. 
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