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Cellular/Molecular

Loss of Ca®"/Calmodulin Kinase Kinase 3 Affects the
Formation of Some, But Not All, Types of
Hippocampus-Dependent Long-Term Memory

Marco Peters,' Keiko Mizuno,' Laurence Ris,"> Marco Angelo,' Emile Godaux,? and K. Peter Giese'
"Wolfson Institute for Biomedical Research, University College London, London, WCIE 6BT, United Kingdom, and 2Department of Neurosciences,

University of Mons-Hainaut, 7000 Mons, Belgium

Long-term memory (LTM) requires activation of the transcription factor cAMP-responsive element binding protein (CREB). Signaling by
the Ca®"/calmodulin (CaM) kinase cascade has been implicated in CREB activation and memory consolidation processes in the hip-
pocampus. The CaM kinase kinase 3 isoforms belong to the CaM kinase cascade, and we have generated null mutant mice to investigate
the role of these kinases in several forms of learning and memory. The null mutants were impaired in spatial training-induced CREB
activation and spatial memory formation. Furthermore, the mutants lacked late, but not early, long-term potentiation at the hippocampal
CA1 synapse, and they were impaired in LTM, but not short-term memory, for the social transmission of food preferences. We suggest
that the CaM kinase kinase Bisoforms are required for the formation of hippocampal LTM. Surprisingly, however, these kinases were not
needed for contextual, trace fear, and passive avoidance LTM. Our results demonstrate that different signaling processes underlie the

formation of these types of hippocampal LTM.
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Introduction

Several types of long-term memory (LTM) depend on the hip-
pocampus. These include spatial, contextual, social transmission
of food preferences (STFP), trace fear, and passive avoidance
LTM (Morris et al., 1982; Kim and Fanselow, 1992; Phillips and
LeDoux, 1992; Bunsey and Eichenbaum, 1995; McEchron et al.,
1998; Cho et al., 1999; Taubenfeld et al., 1999, 2001; Huerta et al.,
2000; Rampon et al., 2000; Alvarez et al., 2001; Anagnostaras et
al., 2001; Winocur et al., 2001; Clark et al., 2002). It is believed
that these LTMs engage different neuronal networks, but at the
molecular level the formation of all of these LTMs requires the
transcription factor cAMP-responsive element binding protein
(CREB) (Bourtchouladze et al., 1994; Guzowski and McGaugh,
1997; Kogan et al., 1997; Gass et al., 1998; Taubenfeld et al., 2001;
Kida et al., 2002; Pittenger et al., 2002). CREB is activated by
phosphorylation at serine 133, and CREB activation, as well as
induction of CRE-mediated transcription, has been observed
during the formation of hippocampal LTM (Impey et al., 1998;
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Taubenfeld et al., 1999; Athos et al., 2002; Mizuno et al., 2002;
Colombo et al.,, 2003). It is not known, however, whether every
distinct type of hippocampal LTM depends on CREB activation
via an identical signaling pathway. Three known kinase pathways
in the hippocampus activate CREB-dependent transcription: the
mitogen-activated protein (MAP) kinase cascade, protein kinase
A (PKA) signaling, and the Ca?**/calmodulin (CaM) kinase cas-
cade (for review, see Lonze and Ginty, 2002). The CaM kinase
cascade consists of CaM kinase kinase «, the CaM kinase kinase 3
isoforms, CaM kinase I, and CaM kinase IV (Tokumitsu et al.,
1995; Kitani et al., 1997; Anderson et al., 1998; Hsu et al., 2001)
(for review, see Corcoran and Means, 2001). The CaM kinase
kinases enhance the activity of CaM kinase I and CaM kinase IV,
which regulate CREB activity in vitro (Bito et al., 1996; Anderson
et al., 1998; Corcoran and Means, 2001; Lonze and Ginty, 2002;
Takemoto-Kimura et al., 2003). Transgenic studies in Caeno-
rhabditis elegans have shown that the homologues of CaM kinase
I'and a CaM kinase kinase are involved in the activation of CREB
and CRE-mediated transcription in neurons in vivo (Kimura et
al., 2002). Furthermore, Camk4 null mutants lack CREB activa-
tion after contextual fear conditioning (Wei et al., 2002).
Despite its well defined function as CREB activator in vitro,
the role of the CaM kinase cascade in the formation of hippocam-
pal LTM is little understood. Camk4 null mutants and dominant-
negative CaM kinase IV transgenic mice were shown to be im-
paired in the formation of contextual LTM, but it is debated
whether CaM kinase IV is important in spatial memory forma-
tion (Ho et al., 2000; Kang et al., 2001; Wei et al., 2002). To
investigate the role of the CaM kinase kinase 3 isoforms in learn-
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ingand memory, we inactivated the Camkk2 gene. We found that
CaM kinase kinase 3 isoforms are required for the formation of
some, but not all, types of hippocampal LTM.

Materials and Methods

Generation of Camkk2 null mutants. EcoRI and BamHI fragments con-
taining regions of the Camkk2 gene were subcloned from the 129/Sv
mouse RPCI21 library (Osoegawa et al., 2000). A Camkk?2 targeting con-
struct was cloned such that exon 5 was flanked by a loxP site and a
“floxed” NEO-gene and with the 3.0 kb EcoRI/Sphl fragment and the 3.5
kb Hpal/Sphl fragment as homology arms. Gene targeting in R1 embry-
onic stem (ES) (Nagy et al., 1993) was identified by Southern analyses,
and after CRE recombination ES cell clones with null or floxed alleles
were obtained. Germline chimeras, generated by blastocyst injections
(Giese et al., 1998), were crossed with C57BL/6 mice, and homozygous
mutants and control littermates were obtained from intercrosses of het-
erozygotes. Offspring were genotyped by PCR (primers: 5'-AAAGAAG-
CTGATCCGACAGG-3', 5'-TTTTACAGATGGTCTAGCGTC-3', 5'-
ACACTGCTAACTCCACATTCA-3"), and the mice were maintained and
treated according to the Animals (Scientific Procedures) Act 1986, UK.

Immunoblots. For the analysis of protein expression, protein was iso-
lated by standard procedures from adult forebrain, cerebellum, and hip-
pocampus. For the phospho-CREB studies adult male mice (WT, n = 6;
mutant, n = 4) were trained in the Morris water maze with four trials per
day for 6 d; after a probe trial on day 6 the mice were killed immediately.
Hippocampal protein was isolated by using the following lysis buffer: 0.2
M NaCl, 0.1 m HEPES, 10% glycerol, 1% Triton X-100, and (in mm) 10
sodium pyrophosphate, 2 EDTA, 2 EGTA, Complete-EDTA-free pro-
tease inhibitor mixture tablet (Roche Diagnostics, Pleasanton, CA), 0.2
phenylarsine oxide, 0.1 molybdate, 10 NaF, 2 sodium pervanadate. Equal
protein amounts were immunoblotted by using antibodies against
B-Actin (Sigma, Poole, UK), CaMKKu (a gift from H. Sakagami, Sendai,
Miyagi, Japan), CaMKKB (mpB4D8; Sakagami et al., 2000), CaMKIV
(Santa Cruz Biotechnology, Santa Cruz, CA), CREB, phospho-CREB
(Cell Signaling, Beverly, MA), and synaptotagmin (Sigma). Horseradish
peroxidase-conjugated secondary antibodies and a chemiluminescent
detection system were used to visualize protein bands, which were quan-
tified with a bio-imaging system (Quantity One, Bio-Rad, Hercules, CA).

Histology. A 14-month-old male Camkk2 null mutant and a control
littermate under terminal anesthesia were perfused with 4% paraformal-
dehyde in PBS. Coronal brain sections, 40 wm thick, were stained with
toluidine blue.

Social transmission of food preferences. Male and female mice (3—7
months-old) balanced for sex were tested blind to genotype. No effect of
sex was observed. The mice were studied in the Morris water maze 2 or
more weeks before testing in this task. They were trained first to eat
ground chow for 2 d. In the delay version, demonstrator mice were food
deprived (22 hr) and allowed to eat food scented with 0.5% cumin or 2%
marjoram for 1 hr. Equal numbers of demonstrator mice from each
group were allowed to eat either cumin- or marjoram-scented food.
Subsequently, each demonstrator interacted with its cage mates, the ob-
servers, for 15 min. The observers were food deprived and allowed to eat
for 1 hr scented food at 24 hr after the interaction. A subgroup of the
observers was retested in the immediate version. To avoid confounding
effects of memory of the previously used scents, we used another scent
pair (2% thyme and 1.5% turmeric). As in the delay version, the pre-
sented food was counterbalanced. Immediate testing was done in a sim-
ilar way, except that observers and demonstrators were food deprived
together, and testing was done immediately (within 5 min) after the
interaction. Observers had ad libitum access to water during the testing
period. Observers that ate <0.2 gm of food were excluded from the
experiment. WT or heterozygous mice were used as demonstrators.
ANOVA was used for statistical analysis.

Morris water maze. Naive male mice (2—6 months old) were studied
blind to genotype in a setup shown to be hippocampus-dependent (An-
gelo et al.,, 2003). The diameter of the swimming pool was 1.5 m, the
platform diameter was 0.1 m, and the water temperature was 22-24°C.
Two to six-month-old mutants and control littermates were tested in the
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hidden platform version of the Morris water maze. After 6 d of handling
the mice were tested with four trials per day for 10 d. The maximal trial
length was 90 sec, and the intertrial interval was 60 sec. Probe trials were
given at the end of training days 6 and 10 and then 7 d after the end of
training. The mouse was placed on the platform for 60 sec. Then the
platform was removed from the swimming pool. The mouse was put into
the swimming pool at the opposite quadrant and allowed to swim for 60
sec. Video tracking and the HVS “water 2020” program were used to
analyze swimming speed and search strategies. One-way ANOVA, one-
way ANOVA on ranks (if data were not distributed normally), two-way
ANOVA with repeated measures, and Tukey post hoc tests were used for
statistical analysis.

Fear conditioning. Two- to eight-month-old mutants and control lit-
termates were tested blind to genotype. Mice used for training were naive
and tested only once except for testing of cued conditioning, which was
done after testing of contextual conditioning. We used males only for
testing of 24 hr and 14 d memory, and males and females balanced for sex
for the other tests. No effect of sex was observed. For contextual and cued
conditioning each mouse was placed into the conditioning chamber
(Campden Instruments, Loughborough, UK) in a soundproof box; after
a 120 sec introductory period a tone (80 dB, 2.8 kHz) was presented for
30 sec, the last 2 sec of which coincided with a foot shock (0.55 mA). After
30 sec the mouse was returned to its home cage. Contextual conditioning
was tested by reexposing the mice to the chamber for 5 min, and cued
conditioning was tested by exposing the mice to a novel chamber for 3
min without tone presentation, followed by 3 min with tone presenta-
tion. In trace fear conditioning the mice received five tone—shock pair-
ings, with 60 sec exploration time before the pairings. The pairings con-
sisted of 15 sec tone presentations, followed by 30 sec trace intervals
terminating with a foot shock (0.55 mA for 2 sec) and a 210 sec rest period
between pairings. Mice were tested in a novel chamber for 2 min; after 1
min the training tone was presented for 15 sec. The behavior of the mice
was videotaped, and freezing was assessed every 5 sec (freezing was scored
if no movements other than respiratory movements were detected within
2 sec); one-way ANOVA was used for statistical analysis.

Passive avoidance. Naive mice (5—10 months old) balanced for sex were
tested blind to genotype. No effect of sex was observed. Each mouse was
placed individually into the lit compartment of an automated passive
avoidance system (Ugo Basile, Comerio, Italy) and, after entering the
dark compartment, was given a mild foot shock (0.7 mA for 1 sec). For
testing the mice were placed into the lit compartment; after 5 sec the
sliding door was opened, and the latency (maximum 300 sec) to enter the
dark compartment was scored. One-way ANOVA with repeated mea-
sures was used for statistical analysis.

Rotarod. Naive male mice (2—6 month old) were placed on a rotarod
(Ugo Basile) constantly accelerating from 5 to 40 rpm for maximally 5
min; the time to fall was recorded. The training was for 4 d with two trials
per day and an intertrial interval of 1 hr. Two-way ANOVA with repeated
measures was used for statistical analysis.

Slice electrophysiology. The experiments were done blind to genotype.
Transverse hippocampal slices (450 wm) from 9- to 12-month-old male
mice were placed in a submerged recording chamber maintained at 30°C
and perfused continuously with oxygenated artificial CSF (ACSF) at 3
ml/min. Bipolar tungsten microelectrodes (World Precision Instru-
ments, Sarasota, FL) were used to stimulate Schaffer collaterals, and
evoked field EPSPs (fEPSPs) were recorded in the stratum radiatum of
the CAIl region with low-resistance (2-5 M(2) glass microelectrodes
filled with ACSF. Test stimuli were biphasic constant voltage pulses (0.05
msec per polarity) delivered every minute with an intensity adjusted to
evoke an ~33% maximal response. The ACSF contained (in mm): 124
NaCl, 5 KCl, 26 NaHCOj, 1.24 KH,PO,, 2.4 CaCl,, 1.3 MgSO,, and 10
p-glucose and was bubbled with a gas mixture of 95% O,/5% CO,. Stu-
dent’s ¢ tests were used for statistical analysis.

Results

Generation of Camkk2 null mutant mice

In situ hybridizations showed that the mouse Camkk2 gene is
expressed prominently in the hippocampus, neocortex, and cer-
ebellum (data not shown), similar to the expression pattern in
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rats (Anderson et al., 1998; Sakagami et al.,
2000; Nakamura et al., 2001). We inacti-
vated the mouse Camkk2 gene by deleting
exon 5 (Fig. 1 A,B). Exon 5 encodes part of
the catalytic domain, which is common to
all CaM kinase kinase B isoforms (Hsu et
al.,, 2001), and its removal results in a
frame shift generating a premature stop
codon. Immunoblot analyses confirmed
the null mutation (Fig. 1C,D). Further-
more, the loss of the CaM kinase kinase 8
isoforms did not lead to a compensatory
change in expression of CREB (data not
shown), CaM kinase kinase «, or CaM ki-
nase IV isoforms (Fig. 1C,D).

Basic characterization and motor
learning of Camkk2 null mutants

The null mutants were obtained in a Men-
delian ratio (n = 175; x* = 1.3; p > 0.50),
and the appearance of adult mutants was
indistinguishable from that of wild-type
(WT) littermates. Both male (WT, n = 11,
28.1 = 2.1gm;mut,n =11,28.7 = 2.3 gm;
p = 0.53) and female (WT, n = 10,21.4 =
1.4 gm; mut,n = 13,219 = 1.8 gm; p =
0.43) null mutants had normal body
weight at 9-10 weeks of age. No obvious
morphological abnormalities were ob-
served in adult mutant brain (Fig. 1E;
supplementary Fig. 1; available at www.
jneurosci.org). This finding, together with
the specific impairments in behavioral
tasks (see below), indicated that the loss of
the CaM kinase kinase 3 isoforms did not
cause severe developmental deficits. Inter-
estingly, no apparent loss of cerebellar
Purkinje cells was observed (Fig. 1 E), con-
trary to what has been seen in one line of
Camk4 null mutant mice [Ribar et al.
(2000), but see Ho et al. (2000)]. Consis-
tent with our observation, the Camkk2
null mutants were not impaired in motor
learning on an accelerating rotarod (two-
way ANOVA with repeated measures; ef-
fect of genotype, F(; 15y = 0.39, p = 0.54;
effect of training day, F; s,y = 26.1, p <
0.001; genotype X training interaction,
F354 = 0.43, p = 0.73) (Fig. 1F). These
results suggested that the phenotype of the
Camkk?2 null mutant mice was sufficiently
specific to investigate mechanisms under-
lying learning and memory.
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Figure1.  Generation of Camkk2 null mutant mice. A, Gene targeting. Exon 5 of the mouse Camkk2 gene was flanked by a loxP
site and a floxed NEO gene. The targeting vector, a partial map of the WT allele, and the resulting targeted allele are illustrated.
Transient transfection of CRE-recombinase resulted in the deletion of exon 5 and the selection marker. B, BamHl; E, EcoRl; H,
Hind\ll; Hp, Hpal; S, Sphl; X, Xbal. Bars indicate exons; triangles indicate loxP sites. B, Left, Southern analysis of a targeted ES cell
clone with the use of an external probe. Targeted clones also were screened for partial gene duplication and nonhomologous
integration of the targeting vector via the |1 probe (data not shown). B, Right, Confirmation of the null mutation in the F2
generation via the I3 probe. C, Inmunoblot analysis revealed the absence of CaMKK 3 expression in forebrain and cerebellum of
the null mutants. Expression of CaMKIV was normal in the mutants. D, Normal protein expression of CaMKKcx and CaMKIV in the
null mutant hippocampus. Hippocampal CREB expression also did not differ between the genotypes (data not shown). £, Normal
gross morphology in Camkk2 null mutants. Coronal sections stained with toluidine blue are shown. CA1/3, Area CA1/3 of the
hippocampus; DG, dentate gyrus; GL, granular layer of the cerebellum; ML, molecular layer of the cerebellum; PC, Purkinje cell. ,
Normal motor learning on an accelerating rotarod in Camkk2 null mutant mice (means == SEM). The latency to fall did not differ
between mutant (n = 10) and WT (n = 10) mice.

preferred the cued food (cued, 0.41 £ 0.07 gm; noncued, 0.21 *
0.06 gm; one-way ANOVA with food as variable, F, ;o) = 4.45,

Impaired LTM for the STFP in the Camkk2 null mutants P <0.05). The two genotypes did not differ in the total amount of
LTM, but not short-term memory (STM), in the STFP task re- food eaten (one-way ANOVA with genotype as variable, F, 3,) =
quires the transcription factors CREB and zif268 (Kogan et al., ~ 0.28, p = 0.60). In contrast with the impairment in the delay
1997; Jones et al., 2001). We found that the loss of the CaM kinase ~ version, the Camkk2 null mutants were not impaired in the im-
kinase B isoforms also impaired LTM for the STFP (Fig. 24,B).  mediate version of the task (Fig. 2C,D). The mutants preferred
When tested 24 hr after the interaction with the demonstrator ~ the cued food when tested immediately after training (cued,
mice, mutants showed no preference for the cued food (cued,  0.36 £ 0.06 gm; noncued, 0.19 = 0.03 gm; one-way ANOVA with
0.30 = 0.05 gm; noncued, 0.27 * 0.06 gm; one-way ANOVA with ~ food as variable, F, ,,) = 5.94, p < 0.05) as did the WT mice
food as variable, F(; 5,, = 0.11, p = 0.74). In contrast, WT mice ~ (cued, 0.35 * 0.04 gm; noncued, 0.17 = 0.04 gm; one-way
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Figure 2.  Long-term, but not short-term, memory for the social transmission of food pref-

erences was impaired in Camkk2 null mutant mice. Means == SEM; *p << 0.05; **p << 0.01.4,
When tested 24 hr after training, WT mice (n = 16) showed a significant preference for the cued
food, whereas the mutants (n = 17) ate equal amounts of cued and noncued food. B, The total
amount of food eaten during the delayed test did not differ between genotypes. (, Both mutant
(n=13)and WT mice (n = 14) preferred the cued food when tested 5 min after training. D, The
total amount of food eaten during the immediate test did not differ between genotypes.

ANOVA with food as variable, F(; ,5) = 12.32,p < 0.01). Asin the
delay test, the total amount of food eaten did not differ between
the genotypes (one-way ANOVA with genotype as variable,
F1 55 = 0.09, p = 0.77). Normal STM of the STFP indicated that
the Camkk2 null mutant mice were not impaired in olfaction or
social interaction and that the impairment in the delay test must
have resulted from a LTM deficit.

Impaired spatial memory formation in the Camkk2

null mutants

To investigate whether the CaM kinase kinase 8 isoforms are
required for spatial memory formation, we studied the Camkk2
null mutants and WT littermates in the hidden platform version
of the Morris water maze (Fig. 3). The mice were trained with
four trials per day for 6 d, and the genotypes did not differ in
latency to locate the platform (two-way ANOVA with repeated
measures; effect of genotype, F(,,,, < 0.01, p = 0.97; effect of
training, F(s ;o5 = 15.55, p < 0.001; genotype X training inter-
action, Fs 195y = 1.54, p = 0.18) (Fig. 3A). This finding indicates
that the mutants were not impaired in motivation, swimming
abilities, and vision. Nonetheless, analysis of the acquisition data
is not a good measure for spatial learning, because mice can learn
alternative hippocampus-independent strategies to locate the
hidden platform, such as circling with a particular radius. How-
ever, probe trials are a better assessment of spatial learning (Costa
et al., 2001). The probe trials given at the end of training day 6
revealed that the Camkk2 null mutants were impaired in spatial
learning. During these probe trials there was no difference be-
tween genotypes in average swimming speed (WT, 21.6 = 1.0
cm/sec; mutants, 22.5 = 1.7 cm/sec; one-way ANOVA with ge-
notype as variable, F(, ,,) = 0.16, p = 0.69) and time spent in the
thigmotaxis zone (WT, 3.5 £ 1.8%; mutants, 2.3 = 1.3%; one-
way ANOVA with genotype as variable, F(, ,,, = 0.27, p = 0.61).
Analysis of the quadrant search times showed that the mutants
spent less time in the target quadrant than WT littermates (mu-
tants, 30.9 * 5.2%; WT, 47.0 = 5.2%; one-way ANOVA with
genotype as variable, F(, ,;, = 4.80, p < 0.05) and that the mu-
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Figure3. Impaired spatial memory formation in Camkk2 null mutant mice. Means * SEM;

*p < 0.05; ***p < 0.001. A, The time to reach the hidden platform did not differ between
mutant (n = 11) and WT (n = 12) mice; both groups improved with training. 8, The Camkk2
null mutant mice did not search selectively in a probe trial given after 6 d of training. Analysis of
the search time showed that the mutant mice also spent less time in the target quadrant than
did controls. TQ, Target quadrant; AL, adjacent left quadrant; OP, opposite quadrant; AR, adja-
centright quadrant. G, WT mice crossed the target platform position more often than any other
position in the pool. Mutants, in contrast, crossed the platform positions in all four quadrants
equally often. D, Mutants searched equally close to the opposite quadrant, whereas WT controls
searched in close proximity to the platform position in the target quadrant. £, Examples of
search strategies during the probe trial used by WT and Camkk2 null mutant mice.

tants searched randomly, spending similar times in all quadrants
(one-way ANOVA with quadrant as variable, F; ,,, = 0.86, p =
0.47) in contrast with the WT littermates (one-way ANOVA with
quadrant as variable, F(; 44, = 17.25, p < 0.001) (Fig. 3B,E). The
WT mice spent more time searching in the target quadrant than
in any other quadrant (Tukey post hoc test; p < 0.001). Analysis of
platform crossings (ANOVA on ranks with quadrant as variable;
mutants, H; 49, = 3.19, p > 0.05; WT, H ;3 44y = 16.5, p < 0.001)
and the proximity measure (Gallagher et al., 1993) (one-way
ANOVA with quadrant as variable; mutants, F; 4y = 1.22, p =
0.32; WT, F(m) = 15.07, p < 0.001) confirmed that there was
random searching by the mutants and selective searching by the
WT littermates (Fig, 3C,D).

We trained all mice except for one WT and one mutant mouse
for 4 d more, using four trials per day, and gave another two
probe trials (Fig. 4). There was no difference in acquisition during
these additional training days (data not shown). When a probe
trial was given at the end of training day 10, Camkk2 null mutants
and WT littermates spent equal amounts of time searching in the
target quadrant (mutants, 44.3 & 6.5%; WT, 48.6 * 4.6%; one-
way ANOVA with genotype as variable, F(, ,4) = 0.31, p = 0.58)
(Fig. 4A) and searched selectively according to search time (one-
way ANOVA with quadrant as variable; mutants, F; 55, = 10.23,
P < 0.001; WT, F; 49y = 26.71, p < 0.001), platform crossings
(one-way ANOVA on ranks with quadrant as variable; mutants,
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Figure 4.  Normal spatial LTM in Camkk2 null mutant mice after overtraining. Camkk2 null

mutant (7 = 10) and WT mice (n = 11) were trained for a further 4 d. Means = SEM; ***p <
0.001. 4, When a probe trial was given at the end of training day 10, Camkk2 null mutants and
WT littermates spent equal amounts of time searching in the target quadrant and searched
selectively. B, Spatial LTM was retained for 7 d in both genotypes. G, In the day 10 probe trials the
mutants and WT littermates also searched selectively according to platform crossings. D, They
also searched closer to the platform position in the target quadrant than to the platform posi-
tion in the opposite quadrant.

Hisa6) = 12.54, p < 0.05; WT, His 4, = 13.49, p < 0.001) (Fig.
4C), and proximity (one-way ANOVA with quadrant as variable;
mutants, F; 35 = 9.62,p <0.001; WT, F(5 40, = 26.71, p < 0.001)
(Fig. 4 D). Spatial LTM was preserved 7 d after the end of training
(mutants, 41.1 £ 7.0%; WT, 41.4 = 5.7%; one-way ANOVA with
genotype as variable, F(; ;4) < 0.001, p = 0.98; one-way ANOVA
with quadrant as variable; mutants, F; 55, = 6.85, p < 0.001; WT,
F(3,40) = 8.48, p < 0.001) (Fig. 4 B). This was confirmed by anal-
ysis of proximity and platform crossings (data not shown). Taken
together, these results indicate that the Camkk2 null mutants
were able to form spatial LTM. However, the spatial LTM forma-
tion was delayed significantly by the loss of the CaM kinase kinase
B isoforms.

The 129/Sv mouse strain is poor in learning, and it has been
suggested that 129/Sv polymorphisms flanking a mutation cause
learning impairments rather than the mutation itself (Gerlai,
1996). To investigate whether the impaired spatial memory for-
mation in the Camkk2 null mutants was caused by polymor-
phisms neighboring the Camkk2 gene, we tested mice with a
floxed Camkk? allele in the same genetic background. These mice
have the same flanking genes from the 129/Sv mouse strain as the
null mutants. However, in contrast with the null mutants, the
floxed Camkk2 mutants learned normally in the water maze
(datanot shown). Therefore, 129/Sv polymorphisms flanking the
Camkk2 gene do not cause the impairments observed in the null
mutants.

Impaired spatial training-induced activation of CREB in the
Camkk2 null mutants

It has been suggested that CREB is activated during spatial mem-
ory consolidation (Mizuno et al., 2002; Colombo et al., 2003). We
investigated whether the loss of the CaM kinase kinase 8 isoforms
affected the activation of CREB during spatial memory formation
to cause the water maze impairments in the Camkk2 null mu-
tants. Anti-phospho-serine 133 CREB antibodies are commonly
used to investigate CREB activation in immunocytochemical
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Figure 5.  Hippocampal activation of CREB by spatial training was impaired in Camkk2 null

mutant mice. A, Representative immunoblots showing the phosphorylation of CREB at Ser '*3

(pCREB) in the hippocampus from naive and trained mice. The mice were trained in the Morris
water maze (MWM) for 6 d with 4 trials per day and were killed immediately after a probe trial.
Asaloading control an antibody against synaptotagmin (Syn) was used. B, Densitometric anal-
ysis was used for quantification of the signals in the immunoblots, and pCREB expression was
normalized to synaptotagmin expression levels and as compared with naive WT mice. pCREB
expression increased after training in WT mice (naive, n = 5; trained, n = 6), but notin Camkk2
null mutants (naive, n = 4; trained, n = 4). Similar results were obtained when pCREB/CREB
expression was determined (data not shown). Means = SEM; *p << 0.05.

studies, but these antibodies have a significant cross-reactivity
with other phosphorylated CREB/ATF family members (Bilang-
Bleuel et al., 2002). For an analysis specifically directed to CREB
phosphorylation at serine 133, we performed immunoblot stud-
ies with hippocampal lysates. In naive WT mice and Camkk2 null
mutants the levels of phospho-CREB were not significantly dif-
ferent (one-way ANOVA with genotype as variable, F, ;) = 2.19,
p = 0.18) (Fig. 5). Water maze training induced a significant
2.2-fold increase in the levels of phospho-CREB in the hippocam-
pus in WT mice (one-way ANOVA with training as variable,
F 9y = 7.10, p < 0.05), whereas no significant increase was ob-
served in the Camkk2 null mutant mice (one-way ANOVA with
training as variable, F(, ;) = 0.06, p = 0.82) (Fig. 5). Thus the
CaM kinase kinase 3 isoforms are required for spatial training-
induced activation of CREB.

Impaired late long-term potentiation at hippocampal CA1
synapses in the Camkk2 null mutants

Long-term potentiation (LTP) at the hippocampal Schaffer col-
lateral CA1 synapse has been proposed as a cellular correlate of
spatial learning and memory (Bliss and Collingridge, 1993; Chen
and Tonegawa, 1997). Late LTP, but not early LTP, at this synapse
depends on de novo protein synthesis and transcription (Frey et
al., 1988; Nguyen et al., 1994). We investigated late LTP at the
CA1 synapse in hippocampal slices from mutants and WT litter-
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Figure 6. Late LTP, but not early LTP, was impaired in Camkk2 null mutant mice. Means
SEM.A, Four 100 Hz trains (1 sec) separated from each other by 5 min evoked late LTP in male WT
(n = 6 mice), but not in mutant mice (n = 6 mice). Shown are sample fEPSP traces measured
fromarea CA1in WT (right) and mutant mice (left) 15 min before and 180 min after the tetanic
trains. Each superimposed pair of sweeps was measured from a single slice. Calibration: 0.5 mV,
5 msec. The arrows indicate when the tetani were delivered. B, One 100 Hz train (1 sec) evoked
the same levels of early LTP in WT (n = 5 mice) and mutant mice (n = 5 mice). C, Input— output
curve of fEPSP amplitude (mV) versus stimulus (V) at the Schaffer collateral pathway did not
differ significantly between genotypes. D, Paired pulse facilitation did not differ between mu-
tant (n = 12slices, 6 mice) and WT mice (n = 8slices, 6 mice).

mates (Fig. 6A). In WT mice a stimulus of four trains of 100 Hz,
1 sec tetanization at 5 min intervals increased the fEPSP slope 30
min later to 157% (difference from baseline, p < 0.01), and this
potentiation was maintained at 151, 156, and 155%, for 1, 2, and
3 hr after the trains, respectively ( p < 0.01). In the Camkk2 null
mutants a stimulus of four 100 Hz trains increased the fEPSP
slope 30 min later to 154% (difference from baseline, p < 0.01).
However, the potentiation in the Camkk2 null mutants was
maintained for only 1 hr (140%; difference from baseline, p <
0.01) and declined to baseline levels within 2 hr after the trains
(116% at 2 hr and 106% at 3 hr; differences from baseline, p >
0.05). The potentiation up to 1 hr did not differ between geno-
types ( p > 0.05), whereas after this time the two groups differed
(90 min after the trains, p < 0.01; 120 min, p < 0.01; 180 min, p <
0.01). The late LTP impairment in the Camkk2 null mutants was
not associated with deficits in early LTP induced by a single 100
Hz tetanus (30 min after the trains, p > 0.05; 60 min, p > 0.05; 90
min, p > 0.05) (Fig. 6 B) or input—output relationships (differ-
ence for all stimulation intensities, p > 0.05) (Fig. 6C) or paired
pulse facilitation (difference at any interpulse interval, p > 0.05)
(Fig. 6 D). Thus the CaM kinase kinase 3 isoforms appear to be
required specifically for the late phase of LTP at the hippocampal
CALl synapse.

Other forms of LTM are normal in the Camkk2 null mutants

Our findings that the CaM kinase kinase 8 isoforms are required
for spatial training-induced CREB activation and late LTP at the
hippocampal CA1 synapse suggested that these kinases are im-
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Figure 7.  Long-term memory formation for cued, contextual, and trace fear conditioning

and in a passive avoidance task were notimpaired in Camkk2 null mutant mice. Means == SEM.
A, Freezing did not differ between mutant (n = 10) and WT mice (n = 9) 24 hr after contextual
conditioning. B, Contextual long-term memory 24 hr after memory reactivation, shown in 4,
was indistinguishable between genotypes. C, Contextual memory 28 d after training did not
differ between the genotypes (mut, n = 9; WT,n = 9). D, Freezing of mutant (n = 9) and WT
mice (n = 9) did not differ 24 hr after trace fear conditioning. Both groups increased their
freezing response with the tone (CS) presentation (pre-CS, before tone presentation). £, Cued
fearmemory 35 d after training, 7 d after the context test shownin (, did not differ between the
genotypes. F, The latency to enter the dark compartment in the passive avoidance task during
and 48 hr after training did not differ between mutant (n = 9) and WT mice (n = 12).

portant for consolidation of LTM not only in the STFP task and
the Morris water maze but also in other hippocampal tasks. We
first investigated the Camkk2 null mutants in contextual fear
conditioning. Consolidation of contextual fear memory is
hippocampus-dependent (Kim and Fanselow, 1992; Phillips and
LeDoux, 1992; Anagnostaras et al., 2001), and after memory re-
activation the hippocampus also is required (Debiec et al., 2002).
Using ibotenic acid pretraining lesions of the dorsal and ventral
hippocampus in 129B6F1 mice, we have confirmed that our con-
textual conditioning task is hippocampus-dependent (E. E. Ir-
vine and K. P. Giese, unpublished data). Contextual LTM forma-
tion was not impaired in the Camkk2 null mutants (one-way
ANOVA with genotype as variable; 24 hr memory, F(, ,,, = 0.46,
p = 0.51; reactivated memory, F(, ;) < 0.01, p = 0.90; 28 d
memory, F, ;5 < 0.01, p = 0.94) (Fig. 7A-C). Normal contex-
tual conditioning in the null mutant mice was not attributable to
saturation of the freezing response, because mutant and WT mice
had significantly more freezing if trained with higher shock in-
tensity (data not shown). Another form of hippocampus-
dependent LTM is tested in trace fear conditioning (McEchron et
al., 1998; Huerta et al., 2000) whereby a conditioned stimulus
(tone) is separated from an unconditioned stimulus (foot shock)
by a time interval, the so-called trace interval. LTM of trace fear
conditioning was normal in the Camkk2 null mutant mice (one-
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way ANOVA with genotype as variable; pre-CS, F, ,,y = 2.01;
p = 0.18; CS, F(; 17y < 0.01; p = 0.92) (Fig. 7D). Furthermore,
passive avoidance, which involves the hippocampus (Taubenfeld
etal., 1999, 2001), was normal (one-way ANOVA with genotype
as variable; training, F, ;o) = 0.30, p = 0.59; 48 hr memory,
F1.10)=0.37,p = 0.55) (Fig. 7F) as well as amygdala-dependent
cued fear conditioning (Phillips and LeDoux, 1992) (one-way
ANOVA with genotype as variable; pre-CS, F(, 14 = 1.68, p =
0.21; CS, F(, 1) = 1.84, p = 0.19) (Fig. 7E). Taken together, our
results show that the CaM kinase kinase 8 isoforms are not re-
quired for the consolidation of all types of hippocampal LTM.

Discussion

We have used mouse molecular genetics to investigate the role of
the CaM kinase kinase 8 isoforms in hippocampal learning and
memory. We showed that the loss of the CaM kinase kinase 3
isoforms impaired spatial training-induced CREB activation in
the hippocampus and that spatial memory formation blocked
late, but not early, LTP at the hippocampal CA1 synapse and
affected LTM, but not STM, in the STFP task. Taken together, our
results suggest that the CaM kinase kinase 3 isoforms are re-
quired specifically for the formation of LTM.

Comparison of the roles of CaM kinase kinase 3 and CaM
kinase IV in learning and memory

In vitro experiments have shown that the substrates of the CaM
kinase kinase 3 isoforms are CaM kinase I and CaM kinase IV,
and these phosphorylation events enhance the kinase activities
(Corcoran and Means, 2001). CaM kinase kinase « also can en-
hance the activity of CaM kinase I and CaM kinase IV in vitro
(Tokumitsu et al., 1995; Takemoto-Kimura et al., 2003). In the
hippocampus both CaM kinase kinase genes are expressed simi-
larly (Anderson et al., 1998; Sakagami et al., 2000). The pheno-
type of the Camkk2 null mutants suggests that the functions of
CaM kinase kinase o and CaM kinase kinase 3 are not fully re-
dundant in the hippocampus. Alternatively, both CaM kinase
kinase gene products may have identical biochemical functions,
and in this scenario the reduction of total CaM kinase kinase
activity in the mutants would have caused the phenotype.

So far the role of CaM kinase I in learning and memory is
unknown, but some studies have addressed the function of CaM
kinase IV. At the hippocampal CA1l synapse CaM kinase IV is
activated immediately after the induction of LTP (Kasahara et al.,
2001), and it is required for an early phase of LTP (Ho et al.,
2000). Interestingly, transgenic mice expressing a dominant-
negative form of CaM kinase IV have a specific impairment in late
CA1 LTP (Kang et al., 2001). This dominant-negative interfer-
ence does not affect the basal activity of CaM kinase IV, but it
reduces depolarization-induced CaM kinase IV activity. We
found that the Camkk2 null mutants had an LTP phenotype
similar to that of the dominant-negative CaM kinase IV trans-
genic mice. The simplest interpretation is that the CaM kinase
kinase 3 isoforms activate CaM kinase IV for establishing the late
phase of CA1 LTP.

The role of CaM kinase IV in spatial learning and memory is
debated because the Camk4 null mutants are normal (Ho et al.,
2000) and the dominant-negative CaM kinase IV transgenic mice
are impaired (Kang et al., 2001). In contrast, the role of CaM
kinase IV in fear conditioning is better understood. CaM kinase
IV contributes to fear conditioning-induced activation of CREB
in amygdala and hippocampus, and the kinase is required for
LTM, but not STM, in cued and contextual fear conditioning
(Wei et al., 2002). Furthermore, the dominant-negative CaM ki-
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nase IV transgenic mice are impaired in contextual fear LTM
(Kang et al., 2001). We showed that the Camkk2 null mutants
had normal LTM in various versions of fear conditioning. Taken
together, these findings predict that CaM kinase kinase «, rather
than CaM kinase kinase 3 isoforms, activates CaM kinase IV
during the formation of fear LTM.

Activation of CREB during spatial memory formation

We have confirmed previous findings (Mizuno et al., 2002; Co-
lombo et al., 2003) that activation of CREB occurs in the hip-
pocampus during spatial learning. The activation of CREB is
thought to be important for spatial memory formation (Bourt-
chouladze etal., 1994; Pittenger et al., 2002), and our experiments
confirm this hypothesis. We have shown that spatial training
induces CREB activation in the hippocampus in WT mice. Fur-
thermore, the loss of the CaM kinase kinase 3 isoforms signifi-
cantly delayed spatial memory formation and impaired CREB
activation in the hippocampus. Most likely the CaM kinase ki-
nase (3 isoforms are needed to enhance the activity of CaM kinase
IV to activate CREB. Alternatively, the CaM kinase kinase (3 iso-
forms could impair a plasticity that is needed for the activation
of CREB.

It is not known which signaling pathways activate during spa-
tial learning. PKA, the MAP kinase cascade, and the CaM kinase
cascade activate CREB in hippocampal neurons in vitro (for re-
view, see Lonze and Ginty, 2002). Genetic or pharmacological
interference with PKA or MAP kinase cascade signaling in the
hippocampus impairs spatial memory formation (Abel et al.,
1997; Blum et al., 1999; Selcher et al., 1999). However, it is not
known whether these two signaling pathways activate CREB dur-
ing spatial learning. In principle, the PKA and MAP kinase cas-
cade blockade experiments could have affected other signaling
routes to impair spatial LTM. We have shown that the CaM ki-
nase kinase 8 isoforms are needed for spatial memory formation
and spatial training-induced CREB activation in the hippocam-
pus. Thus our results show that signaling by the CaM kinase
cascade is required for spatial memory formation, and they sug-
gest that signaling by PKA and the MAP kinase cascade cannot
compensate fully to activate CREB during spatial learning.

Late LTP at the hippocampal CA1 synapse is not required for
certain types of hippocampal LTM

Late LTP at the hippocampal CA1 synapse and LTM depends on
de novo translation and transcription (Frey et al., 1988; Nguyen et
al., 1994; Silva and Giese, 1994). Therefore, the hypothesis that
late CA1 LTP is a cellular correlate of LTM has attracted much
attention. So far only a few mutant mouse lines having a suffi-
ciently specific late LTP phenotype have been used to test this
hypothesis. Transgenic mice expressing a dominant-negative
form of PKA are impaired selectively in late CA1 LTP, but not
earlier phases of LTP (Abel et al., 1997). These mutants have a
specific deficit in the formation of contextual LTM, which can be
phenocopied by blockade of protein synthesis in wild-type mice
(Abel et al., 1997; Bourtchouladze et al., 1998). Furthermore,
consistent with the late CA1 LTP hypothesis, dominant-negative
CaM kinase IV transgenic mice and adenylyl cyclase 1 and 8
double null mutants have impaired late CA1 LTP and deficits in
contextual memory formation (Wong et al., 1999; Kang et al.,
2001). We showed that the Camkk2 null mutants specifically lack
the late phase of CA1 LTP and LTM in the STFP task. This sug-
gests that LTM in the STFP task requires late LTP. Consistent
with this idea, zif268 null mutants are impaired selectively in late
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LTP in dentate gyrus and in LTM in the STFP task (Jones et al.,
2001).

Here we also showed that the Camkk2 null mutants, with
impaired late CA1 LTP, were not affected in the formation of
contextual, trace fear, and passive avoidance LTM. Thus the late
CA1LTP does not correlate with these types of LTM. So could the
LTM phenotype of all mutant lines discussed above have been
caused by impairments in synaptic plasticity other than late CA1
LTP? It is possible, but recently different types of late CA1 LTP
have been discovered (Patterson et al., 2001; Pittenger et al.,
2002). Some of these types might not require the CaM kinase
kinase B isoforms and could be important for the formation of
contextual, trace fear, and passive avoidance LTM.

Spatial and contextual LTM involve different signaling
processes in the hippocampus

It is well established that CREB needs to be activated for the
formation of different types of hippocampal LTM. However, it is
not known whether for every type of LTM the same signaling
pathway leads to the activation of CREB. Earlier studies with the
Camk4 null mutants may imply that different CREB activations
in the hippocampus underlie the consolidation of spatial and
contextual LTM. The Camk4 null mutants are impaired specifi-
cally in the formation of contextual LTM, and they have normal
spatial memory formation (Ho et al., 2000; Wei et al., 2002).
However, the dominant-negative CaM kinase IV transgenic mice
are impaired in both contextual and spatial memory formation
(Kang et al., 2001).

We have shown that the CaM kinase kinase 3 isoforms are
required for spatial training-induced CREB activation in the hip-
pocampus and for spatial memory formation. Surprisingly, we
found that the CaM kinase kinase 3 isoforms are not essential for
the formation of contextual LTM and passive avoidance LTM.
Both contextual and passive avoidance memory require the
amygdala, but additionally the hippocampus is essential. Block-
ade of hippocampal protein synthesis, as well as inhibition of
CRE-mediated transcription, in the hippocampus impairs con-
textual and passive avoidance LTM (Taubenfeld et al., 2001;
Athos et al., 2002; Debiec et al., 2002). Thus CREB activation in
the hippocampus is required for the formation of spatial, contex-
tual, and passive avoidance LTM. Our finding that the lack of the
CaM kinase kinase 8 isoforms impairs CREB activation during
spatial memory formation, but does not affect the formation of
contextual and passive avoidance LTM, suggests that different
signaling processes underlie the formation of these types of hip-
pocampal LTM. The formation of contextual and passive avoid-
ance LTM does not require activation of CREB by the CaM kinase
kinase B isoforms. Other signaling pathways could activate CREB
for these types of LTM; alternatively, the activation of CREB may
not be needed.
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