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Here we introduce a strategy in which pharmacology is used to induce the effects of recessive
mutations. For example, mice heterozygous for a null mutation of the K-ras gene (K-ras*/~) show normal
hippocampal mitogen-activated protein kinase (MAPK) activation, long-term potentiation (LTP) and
contextual conditioning. However, a dose of a mitogen-activated/extracellular-signal-regulated kinase
(MEK) inhibitor, ineffective in wild-type controls, blocks MAPK activation, LTP and contextual learning in
K-ras*/~ mutants. These indicate that K-Ras/MEK/MAPK signaling is critical in synaptic and behavioral
plasticity. A subthreshold dose of NMDA receptor antagonists triggered a contextual learning deficit in
mice heterozygous for a point mutation (T286A) in the aCaMKII gene, but not in K-ras*/~ mutants,
demonstrating the specificity of the synergistic interaction between the MEK inhibitor and the K-ras*/~
mutation. This pharmacogenetic approach combines the high temporal specificity that pharmacological
manipulations offer, with the molecular specificity of genetic disruptions.

It is well established that inter-individual differences in the effi-
cacy and toxicity of many medications are related to genetic diver-
sity. Over the past 50 years, there has been significant progress
in understanding the clinical relevance of genetic determinants
of drug responses!2. Here we used pharmacogenetic interactions
to induce the phenotypes of recessive mutations.

Gene targeting in embryonic stem cells has been used to deter-
mine the role of biochemical pathways, such as second-messenger
signaling cascades, in a variety of biological processes>*. For exam-
ple, gene knockout studies in mice have implicated a variety of
neuronal proteins including neurotransmitter receptors, protein
kinases, phosphatases and transcription factors in learning and
memory>®. However, this methodology does not allow for tem-
poral control of these mutations, thus limiting both the design and
the interpretation of the experiments. Although inducible genetic
systems”® promise to circumvent some of these problems, the use-
fulness of these systems remains limited in contrast to the great
number of conventional gene targeting mutants available. It is esti-
mated that there are more than 4,000 targeted mutants already
derived. In the heterozygote state, most of these mutations are
recessive, and therefore, could be used with the pharmacogenetic
approach introduced here. We used this approach to induce the
effects of two recessive mutations in mice. This approach takes
advantage of synergism between pharmacological and genetic
manipulations. For example, the K-ras™/~ mutation studied here
did not affect hippocampal MAPK activation, LTP or learning.
Similarly, the dose of the MAPK kinase (MEK) inhibitor that we
used in the pharmacogenetic studies also did not affect these phe-
nomena in wild-type mice. However, the combination of these
genetic and pharmacological manipulations had a profound effect
on hippocampal MAPK activation, LTP and learning. The studies
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presented here show the importance of K-Ras/MEK/MAPK sig-
naling in synaptic and behavioral plasticity. Similarly, we also used
this pharmacogenetic method to show that N-methyl-D-aspartate
(NMDA) receptor-dependent autophosphorylation at T286 of
0-calcium/calmodulin protein-dependent kinase IT (0CaMKII) is
required for contextual learning. These results indicate that this
pharmacogenetic procedure may be widely applicable.

RESULTS

MEK inhibition in K-ras*/~ mice: biochemistry

The Ras/MAPK cascade is important in many biological func-
tions®~!1. The K-ras gene is essential for mouse embryogenesis,
as K-Ras-deficient embryos die!>!3. However, K-ras heterozy-
gous null mutants (K-ras*/~) grow and develop normally!?13,
MEK is downstream of Ras, and activates MAPK in hippocampal
neurons®!4, Therefore, we applied a pharmacogenetic approach
that combined K-ras*/~ mutation and a MEK inhibitor
(SL327)1>16, to explore the function of K-Ras/MEK/MAPK sig-
naling in the adult brain.

Phorbol esters (for example, phorbol diacetate, or PDA) can
activate the MAPK cascade in hippocampal neurons'417-1°, Expo-
sure to PDA (10 pM) produced similar levels of p42 MAPK acti-
vation in the hippocampus of K-ras*/~ mutants and wild-type
littermates (Fig. 1a and b). However, application of the MEK
inhibitor SL327 (1 uM) attenuated MAPK activation produced
by PDA in the hippocampus of K-ras*/~ but not in wild-type lit-
termates (F; 54 = 13.2, p < 0.05; Fig. 1a and b). Neither 1 UM
SL327 nor the K-ras™/~ mutation alone affected MAPK phospho-
rylation in response to PDA. The baseline levels of phosphorylat-
ed p42 MAPK were also not altered by exposure to 1 UM SL327
in wild-type or K-ras*/~ slices (F; 5, = 1.6, p > 0.05). Additional-
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Fig. 1. A subthreshold dose of a MEK inhibitor induces less MAPK acti-
vation in K-ras*’~ mutants. (a) Representative western blots indicating
protein bands visualized with antibodies to dually phosphorylated
p42/p44 MAPK and total p42/p44 MAPK. Hippocampal slices from
K-ras*'~ and wild-type mice were exposed to 10 UM PDA or normal
ACSF (control) under the presence or absence of | UM SL327. The total
MAPK levels indicate equal protein loading. (b) Average results
(s.e.m.) of phospho-p42 MAPK levels normalized with the values of
the wild-type control group. The SL327-treated K-ras*'~ group showed
a significantly smaller increase in phospho-p42 MAPK levels induced by
PDA than each the other three groups (*p < 0.05), whereas the other
groups did not differ each other.

ly, total MAPK levels were not different among the eight groups
examined (Fig. 1a). These data show that a subthreshold dose of
the MEK inhibitor triggers a MAPK phosphorylation deficit in
K-ras™'~ mutants. This suggests that K-Ras signaling is important
in regulating MAPK activation in the hippocampus. The syner-
gistic interaction between the subthreshold dose of the MEK
inhibitor SL327 and the K-ras*/~ mutation is not unlike previ-
ously described epistatic interactions between different mutations.

MEK inhibition in K-ras*/~ mice: LTP

MAPK signaling is important in synaptic plasticity; LTP-inducing
stimuli elicit hippocampal MAPK activation, and the inhibition of
MAPK activation blocks LTP induction!'”?%. Thus, we used the
pharmacogenetic approach outlined above to test whether K-Ras
is involved in LTP, a cellular model of learning and memory.
K-ras*/~ mutants exhibited normal hippocampal LTP
(Fy 19 =0.02, p > 0.05; Fig. 2a), just as they showed normal MAPK
activation. In wild-type slices, the MEK inhibitor SL327 prevented
the induction of LTP in a concentration-dependent manner
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(Fp 28 = 9.6, p < 0.05) without affecting baseline synaptic trans-
mission at Schaffer collateral-CAl synapses (Fig. 2b and c). Pre-
tetanic application of 1 pM SL327 did not affect LTP in wild-type
slices, but significantly inhibited the induction of hippocampal LTP
in slices from K-ras*/~ mice (F; 33 = 8.5, p < 0.05; Fig. 2c and d).
Neither 1 UM SL327 nor K-ras*/~ mutation alone affected LTP. Just
as with the MAPK phosphorylation experiments, only the
combination of these two treatments was effective.

& 2T &2 Post-tetanic application of 1 UM SL327 did not affect
. —o—Wild type £ _ the expression or maintenance of established LTP in
8 2009 Keras™ £ 1501 wild type K-ras*/~ slices (F, 1, = 0.5, p > 0.05; Fig. 2e), indicating
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are the average of fEPSPs recorded during baseline and 70-80 min after tetanization. Scale bars, 10 ms,
0.5 mV. (e) Post-tetanic SL327 had no effect on hippocampal LTP in slices from K-ras

*I~ mutants.

1239



-

i} © 2001 Nature Publishing Group http://neurosci.nature.com

lil © 2001 Nature Publishing Group http://neurosci.nature.com

articles

o
(on
3

o
o
1

3]
o
1

IS
o
1

Percent freezing
w
o
)

N
o
1

Fig. 3. A subthreshold dose of a MEK inhibitor induces a
contextual conditioning impairment in K-ras*/~ mutants.
Each column represents the percentage of freezing (mean
+ s.em.) tested 24 h after training. (a) K-ras*~ mice
showed normal levels of contextual freezing. (b) Pre-
training administration of SL327 decreased contextual
freezing in wild-type mice in a dose-dependent manner.
*p < 0.05 versus DMSO-treated group. (c) K-ras*'~ mice
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101 101 * were administered DMSO or 20 mg/kg of SL327 | h
before training, which had no effect on freezing in wild-
0 - type littermates. SL327 (20 mg/kg) significantly decreased
: 10 20 %0 100 mokgip o textual freezing in K-ras*/~ mice (*p < 0.05). (d) SL327
bMSO sks27 (20 mg/kg) administered 2 h post-training had no effect
C d on contextual freezing in K-ras*'~ mice.
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5 5 % Previous studies suggested that NMDA receptor-
£ g dependent activation of hippocampal MAPK is crit-
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207 pled to MAPK activation during learning. There-
10 fore, we next tested whether a subthreshold dose of
20 makgi.p. o 20 mglkgi.p. an NMDA receptor antagonist could induce a con-
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ing!>1627, Therefore, we used the pharmacogenetic approach out-
lined above to explore the role of K-Ras/MEK/MAPK signaling in
contextual learning and memory.

K-ras*/~ mice tested 24 hours after training showed normal
contextual conditioning (F, 14 = 0.3, p > 0.05; Fig. 3a). Pre-train-
ing administration of the MEK inhibitor SL327 impaired contex-
tual conditioning in wild-type mice (24-h test) in a dose-dependent
manner (Fs ¢; = 4.4, p < 0.05; Fig. 3b). Administration of 20 mg/kg
of SL327 did not affect contextual conditioning in wild-type lit-
termates, but significantly impaired it in K-ras*/~ mutants
(F1 16 = 7.8, p <0.05; Fig. 3c). Thus, only the combination of the
MEK inhibitor SL327 (20 mg/kg) and the K-ras*/~ mutation dis-
rupted contextual conditioning; neither manipulation alone had
an effect. The unconditioned response (UR) to shock was not
affected by SL327 in either K-ras™~ mutants or wild-type mice
(data not shown), suggesting that this pharmacogenetic manipu-
lation did not disrupt the mouse’s ability to perceive the foot shock.

Post-training (2 h) administration of 20 mg/kg of SL327 did not
affect contextual conditioning in K-ras*/~ mutants (F, ;3 = 1.4,
p > 0.05; Fig. 3d), just as post-tetanic application of this compound
failed to affect established LTP. These results indicate that
K-Ras/MEK/MAPK signaling at the time of training, but not some
time afterwards, is critical for formation of contextual memory.

A weak training protocol (30-s placement-to-shock) was
unable to trigger a contextual conditioning deficit in K-ras*/~
mutants. K-ras*/~ mice exhibited contextual freezing
(23.5 £ 4.4%) comparable to that of wild-type littermates
(21.9 + 4.4%; F, 33 = 0.07, p > 0.05), suggesting that the K-ras*/~
mutation alone does not weaken contextual conditioning.
Whereas contextual learning is normal in K-ras*/~ mutants, more
complex hippocampus-based learning such as spatial learning
in water maze is affected in these mice (data not shown).

Fig. 4. A subthreshold dose of an NMDA receptor antagonist does not
induce a contextual conditioning impairment in K-ras*~ mutants. Each
column represents the percentage of freezing (mean + s.e.m.) tested
24 h after training. Pre-training administration of CPP affected contex-
tual learning in K-ras*~ mutants and wild-type littermates similarly.
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textual conditioning deficit in K-ras™~ mice. Pre-

training administration of 10 mg/kg but not
5 mg/kg CPP disrupted contextual conditioning (24-h test) in
both wild-type (F, 34 = 8.4, p < 0.05) and K-ras*/~ mice
(Fp3, = 8.8, p < 0.05; Fig. 4). These two doses of CPP affected
wild-type and K-ras*'~ mice in the same manner, demonstrating
that decreases in NMDA receptor signaling do not affect K-ras*/~
mice more severely than their wild-type littermates.

There is much evidence for a close structural and functional
link between the NMDA receptor and aCaMKII*#-32, NMDA-
receptor-dependent autophosphorylation of aCaMKII at T286 is
required for the activation of this kinase*2-33, Our previous stud-
ies demonstrated that mice homozygous for a point mutation at
T286 that blocks the autophosphorylation of aCaMKII
(00CaMKI1T286A~-) have normal NMDA function, but have severe
impairments in hippocampal plasticity and hippocampus-depen-
dent learning and memory>°. Similarly, this homozygous mutation
completely blocked contextual fear conditioning (data not shown).
In contrast, the heterozygous 0 CaMKIIT230A+/~ mutants showed
normal levels of contextual conditioning tested 24 h after train-
ing (Fig. 5b and d). In wild-type mice, contextual fear condition-
ing was disrupted by pre-training administration of NMDA
receptor antagonists CPP (F; 4, = 3.7, p < 0.05) or MK-801
(Fy 43 = 3.8, p < 0.05) in a dose-dependent manner (Fig. 5a).
Administration of doses of CPP (5 mg/kg) and MK-801
(0.01 mg/kg), which were behaviorally ineffective in wild-type
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Fig. 5. Subthreshold doses of NMDA receptor antagonists induce a contextual conditioning impairment in aCaMKIIT286A heterozygotes, but not in
K-ras*~ mutants. Each column represents the percentage of freezing (mean * s.e.m.) tested 24 h after training. (a) Pre-training administration of CPP

and MK-801

decreased contextual freezing in wild-type mice in a dose-dependent manner. *p < 0.05 versus saline-injected group.

(b, ¢) aCaMKIIT286A+~ mice and wild-type littermates were administered saline, 5 mg/kg CPP or 0.01 mg/kg MK-801 30 min before training. The CPP-
or MK-801-injected a0 CaMKIIT286A*- group showed significantly smaller freezing responses than each the other three groups (*p < 0.05), whereas the

other groups did not differ from each other. (d) CPP (5 mg/kg) administered 2 h post-training had no effect on contextual freezing in aCaMKI

mice or wild-type littermates.

| T286A+/-

mice, disrupted contextual fear conditioning in CaMKITT286A+/~
mutants (CPP, F; ;5 = 3.9, p < 0.05, Fig. 5b; MK-801, F; 54 = 6.4,
p <0.05, Fig. 5¢). Therefore, 5 mg/kg of CPP triggered a contex-
tual conditioning deficit in aCaMKII 286A+/~ mytants, but not in
K-ras*"~ mice. Therefore, the effects of this dose of CPP are specific
to the aCaMKIIT286A+/~ mutants, reflecting the close interaction
between NMDA receptors and d CaMKII. Similarly, our data also
suggest that K-Ras is critical in MEK-dependent activation of
MAPK. These findings attest to the specificity of the synergistic
interactions at the heart of this pharmacogenetic approach.

The conditioning deficits in 0 CaMKIT286A*/~ mutants treat-
ed with either CPP or MK-801 were not due to changes in noci-
ception, as neither of these pharmacogenetic manipulations
affected unconditioned responses to foot shock (data not shown).
Post-training injection of 5 mg/kg CPP also had no effect on con-
textual learning in 0 CaMKIIT286A%/~ mutants (F; 34 = 0.6,
p > 0.05; Fig. 5d), indicating that contextual conditioning requires
NMDA-receptor-dependent autophosphorylation of aCaMKII,
specifically around the time of training.

DiscussioN

Here we have introduced a way to manipulate molecular func-
tion in the central nervous system. This approach takes advan-
tage of synergistic interactions between pharmacological and
genetic manipulations to alter the function of specific signaling
pathways in a temporally controlled manner. For example, the
K-ras*’~ mutation alone did not affect hippocampal MAPK acti-
vation. However, a subthreshold dose of an inhibitor of MEK, a
component of the Ras/MEK/MAPK pathway?, triggered a com-
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plete block of hippocampal MAPK activation in the K-ras*/~
mice. The same dose of this inhibitor did not affect MAPK acti-
vation in wild-type littermate controls.

MEK and MAPK have previously been shown to be involved
in LTP'72% and learning!>1%27%7, Qur pharmacogenetic approach
indicated that K-Ras signaling is critical for the activation of the
MAPK cascade during synaptic and behavioral plasticity.
Although the K-ras*/~ mutants showed normal hippocampal LTP
and contextual conditioning, a dose of the MEK inhibitor inef-
fective in wild types induced both LTP and learning deficits in
these mutants. Previous studies indicated that a H-ras mutation
enhanced hippocampal NMDA currents and LTP38, However, it
is unclear whether this enhancement in LTP is a compensatory
reaction to the homozygous loss of H-ras during development.
The advantage of our pharmacogenetic approach is that it cir-
cumvents developmental confounds. Unlike H-ras homozygous
null mutants, the K-ras*/~ mice show normal LTP; their deficits
are observed only after drug treatment.

The pharmacological induction of the K-ras*/~ phenotype
showed temporal specificity, as pre-training but not post-
training (2 h) administration of the MEK inhibitor triggered
the contextual learning deficit in this mutant. Similarly, the
MEK inhibitor is only effective when applied before the induc-
tion of LTP. Indeed, p42 MAPK activation is significantly
increased in the hippocampus one hour after training, but
returns to baseline levels within two hours of contextual con-
ditioning!®. Taken together, these findings indicate that
K-Ras/MEK/MAPK signaling is critical in both the induction of
LTP andhippocampus-dependent learning.
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Although we did not find any evidence linking NMDA recep-
tor signaling and K-Ras-dependent plasticity and learning, a phar-
macogenetic approach like the one described here could be used
to explore the proposed connection between NMDA signaling
and different Ras proteins. For example, H-Ras is thought to reg-
ulate NMDA currents®®, Additionally, NMDA signals may acti-
vate specific Ras proteins through Ras-GRF (a Ras guanine
nucleotide releasing factor) thought to have a role in plasticity
and learning®*~#!. NMDA receptor activation may also amplify
certain Ras signals by inhibiting SynGAP, a synaptic Ras-GTPase
activating protein®>%3, Our present findings are not inconsistent
with a possible link between NMDA signals and other Ras iso-
forms (such as H-Ras and N-Ras) signaling to the MAPK cascade.

Although a subthreshold dose of an NMDA receptor block-
er did not trigger deficits in the K-ras*/~ mutants, it induced
learning and LTP deficits (data not shown) in heterozygous
aCaMK-ITT286A mice, Mice homozygous for this point mutation
show profound deficits in spatial®® and contextual conditioning
learning that could be conceivably due to developmental deficits.
Our present data discount this possibility. We found that although
heterozygous 0 CaMKITT28¢A mice did not show a contextual
deficit, a dose of NMDA receptor antagonists ineffective in wild-
type mice induced a contextual conditioning deficit in these
mutants. Importantly, this deficit was only induced when the
drug was administered before training. Therefore, these data
demonstrate that the NMDA receptor-dependent autophospho-
rylation of aCaMKII specifically during training is critical for
learning®2. The subsequent phosphorylation of key cellular sub-
strates, such as glutamate receptors*4, is thought to be required
for early stages of memory formation*>4%, Because the pharma-
cogenetic approach introduced here uses drugs at concentrations
that are ineffective in wild types, the nonspecific effects of these
drugs should be reduced.

The results presented here demonstrate that pharmacologi-
cal manipulations can be used to induce the phenotype of reces-
sive mutations in mice. Although neither the aCaMKITT286A+/~
nor K-ras*/~ mice showed contextual learning deficits, partial
pharmacological disruption of specific signaling components
upstream or downstream from those genetically targeted mole-
cules triggered learning deficits in the mutants. Importantly, these
partial pharmacological disruptions only affected contextual con-
ditioning in the presence of the mutations. Thus, epistatic-like
interactions between pharmacological and genetic manipulations
can be used to induce the effects of mutations in mice in a tem-
porally controlled manner, and to identify novel functional rela-
tions between signaling pathways. This approach combines the
high temporal specificity that pharmacological manipulations
offer, with the molecular specificity of genetic disruptions. Spa-
tial control of these effects could also be accomplished by neu-
roanatomically guided injections of compounds of interest.
Importantly, this pharmacogenetic approach will be applicable
not only to neuroscience questions, but also to other biological
problems and to other genetic systems (such as Drosophila,
Caenorhabditis elegans and yeast).

METHODS

Mice. We used K-ras mutants (K-ras*/-)!3 that were F1 progeny derived
from a cross between mice heterozygous for a null mutation in the K-ras
gene (129T2/SvEms] background) and C57BI/6N mice. Starting with the
0CaMKII™86A%/= chimeras (contributing to 129 background), this muta-
tion was backcrossed into the C57Bl/6 genetic background3®. The
0CaMKIIT286A+~ mice used in the experiments were heterozygotes derived
after 8-9 backcrosses into C57Bl/6N. At 4-5 weeks postnatally, the mice
were weaned and their genotypes were determined with polymerase chain
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reaction analysis of tail DNA samples. All experiments were done with mice
3—7 months old, and a similar number of males and females were used. The
mice were housed in groups and kept on a 12 h light/dark cycle, and the
experiments were always conducted during the light phase of the cycle. With
the exception of testing times, the mice had ad lib access to food and water.
All the procedures used were approved by UCLA’s Animal Research Com-
mittee. Animals were maintained in accordance with the applicable por-
tions of the Animal Welfare Act and the Department of Health and Human
Services Guide to the Care and Use of Laboratory Animals.

Drugs. SL327 (provided by DuPont Pharmaceuticals, Wilmington,
Delaware) and phorbol 12,13-diacetate (PDA; Sigma, St. Louis, Missouri)
were dissolved in 100% DMSO. [+£]-3-[2-Carboxypiperazin-
4-yl]propanephosphonic acid (CPP; Sigma) and (+)-MK-801 hydrogen
maleate (RBI, Natick, Massachusetts) were dissolved in saline or artifi-
cial cerebrospinal fluid (ACSF). All biochemical, electrophysiological and
behavioral experiments were conducted with the experimenter blind to
the drug treatments as well as the genotype of mice.

Electrophysiology. Transverse hippocampal slices (400 pm thick) were
maintained in a submerged recording chamber perfused with ACSF equi-
librated with 95% O, and 5% CO, at 30°C. The ACSF contained
120 mM NaCl, 3.5 mM KCl, 2.5 mM CaCl,, 1.3 mM MgSO,, 1.25 mM
NaH,PO,, 26 mM NaHCO; and 10 mM D-glucose. Extracellular field
EPSPs were recorded with a metallic electrode from the stratum radia-
tum layer of the area CAl, and the Schaffer collaterals were stimulated
with a bipolar electrode. The intensity of stimulation (100-ps duration)
was adjusted to give field EPSP approximately 33% of maximum. LTP
was induced by a tetanic stimulation (100 Hz, 1 s) delivered at the test
intensity. After the responses were monitored at least for 20 min to ensure
a stable baseline, drugs were applied to hippocampal slices. SL327 (max-
imal final DMSO concentration, 0.1%) was applied for 1 h before
tetanization, and was maintained in the bath throughout the recording
period. In some slices, SL327 was applied post-tetanically (20 min after
tetanization). To determine whether the magnitude of LTP differed sig-
nificantly between the groups, responses from the last 10-min block of
recordings (70—80 min) were compared statistically.

Western blotting. Hippocampal slices prepared from K-ras*/~ mice and
wild-type littermates were transferred to the same chamber as used for
electrophysiology, and then exposed to PDA (10 pM) or normal ACSF
for 10 min. The slices were preincubated with SL327 for 70 min. In the
last 10 min of preincubation, slices were exposed to PDA or ACSE. After
pharmacological activation with PDA, the CA1 subregions of hip-
pocampal slices were dissected out on ice and homogenized in an
ice-cold lysis buffer (containing 25 mM HEPES (pH 7.5), 150 mM NaCl,
2 mM EDTA, 10% glycerol, 1% Triton X-100, 100 pig/ml phenylmethyl-
sulfonyl fluoride (PMSF), 1 pg/ml leupeptin, 1 mM sodium orthovana-
date (Na;VO,), 25 mM B-Na glycerophosphate and 10 mM NaF). After
insoluble material was removed by centrifugation (13,000 g for 5 min),
protein concentration of the supernatant was determined by using a
PIERCE BCA Protein Assay Kit (Pierce, Rockford, Illinois). Samples con-
taining equivalent amount of protein (20 pg) were separated by 12%
SDS-PAGE gels and transferred onto nitrocellulose membranes (Bio-
Rad, Hercules, California). Membranes were blocked in TBS with 0.1%
Tween-20 and 5% dry milk overnight at 4°C. Then the blots were incu-
bated for 2 h at room temperature with the primary antibody which
selectively recognizes p42/p44 MAPK dually phosphorylated at Thr20?
and Tylr204 (1:1,000; New England Biolabs, Beverly, Massachusetts).
Another antibody that detects both phosphorylated and unphosphory-
lated forms of p42/p44 MAPK (1:1,000; New England Biolabs) was used
to measure total MAPK levels. After membranes were washed, the blots
were incubated with HRP-conjugated secondary antibody (1:2,000; Bio-
Rad). Protein signals were visualized by enhanced chemiluminescence
(ECL Western Blotting Analysis system, Amersham, Arlington Heights,
Mllinois). Densitometric analysis for quantification of the signals was per-
formed using a desktop scanner and ImageQuaNT software (Molecular
Dynamics, Sunnyvale, California). For each experiment, both phospho-
rylated and total MAPK levels were normalized to those observed in the
control group of wild-type mice.
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Contextual fear conditioning. The contextual conditioning experiments
were performed as described previously*”. During training, mice were placed
in the conditioning chamber for 2.5 min, and then 0CaMKIIT286A+/~ and K-
ras*'~ mice were exposed to a 0.75 and 0.50 mA foot shock for 2 s, respec-
tively. In a separate experiment, we assessed contextual fear conditioning
in mice receiving a single foot shock 30 s following placement in the con-
ditioning chamber during training. After shock delivery, mice were left in the
chamber for another 30 s, and then returned to their home cage. CPP and
MK-801 were administered intraperitoneally (i.p.) in a volume of 10 ml/kg
30 min before or 2 h after training. Mice received an i.p. injection of SL327
in a volume of 2 ml/kg 1 h before or 2 h after training. The mice were test-
ed for contextual conditioning 24 h after training. Conditioning was deter-
mined by scoring freezing behavior (absence of all but respiratory
movement) with automated procedures described previously*’ when the
mice were placed back into the conditioning chamber.

Data analysis. The significance of differences between the groups was
determined by a one-way analysis of variance followed by post-hoc New-
man—Keuls test when F ratios reached significance (p < 0.05).

ACKNOWLEDGEMENTS

We thank S.A. Josselyn, N.B. Fedorov and K.P. Giese for discussions, and R. Chen
and M. Lacuesta for help with genotyping. We also thank J.M. Trzaskos (DuPont
Pharmaceuticals Research Laboratories) and T. Jacks (Department of Biology,
MIT) for donating SL327 and K-ras*"~ mutants, respectively. This work was
funded by grants from the McKnight Foundation, Merck Foundation and the
NIH (P01HD33098 and AG13622) to A.J.S. M.O. was partially supported by a
research fellowship from the Uehara Memorial Foundation for Life Sciences.

RECEIVED 20 AUGUST; ACCEPTED 25 OCTOBER 2001

1. Steimer, W., Muller, B., Leucht, S. & Kissling, W. Pharmacogenetics: a new
diagnostic tool in the management of antidepressive drug therapy. Clin.
Chim. Acta 308, 33—41 (2001).

2. McLeod, H. L. & Evans, W. E. Pharmacogenomics: unlocking the human
genome for better drug therapy. Annu. Rev. Pharmacol. Toxicol. 41, 101-121
(2001).

3. Brandon, E. P, Idzerda, R. L. & McKnight, G. S. Knockouts. Targeting the mouse
genome: a compendium of knockouts (PartI). Curr. Biol. 5, 625-634 (1995).

4. Brandon, E. P, Idzerda, R. L. & McKnight, G. S. Targeting the mouse genome:
a compendium of knockouts (Part IT). Curr. Biol. 5, 758-765 (1995).

5. Silva, A. J., Smith, A. M. & Giese, K. P. Gene targeting and the biology of
learning and memory. Annu. Rev. Genet. 31, 527-546 (1997).

6. Chen, C. & Tonegawa, S. Molecular genetic analysis of synaptic plasticity,
activity-dependent neural development, learning, and memory in the
mammalian brain. Annu. Rev. Neurosci. 20, 157—184 (1997).

7. Furth, P. A. et al. Temporal control of gene expression in transgenic mice by a
tetracycline-responsive promoter. Proc. Natl. Acad. Sci. USA 91, 9302-9306
(1994).

8. Ray, P. et al. Regulated overexpression of interleukin 11 in the lung. Use to
dissociate development-dependent and -independent phenotypes. J. Clin.
Invest. 100, 2501-2511 (1997).

9. Derkinderen, P., Enslen, H. & Girault, J. A. The ERK/MAP-kinases cascade in
the nervous system. Neuroreport 10, R24-34 (1999).

10. Fukunaga, K. & Miyamoto, E. Role of MAP kinase in neurons. Mol.

Neurobiol. 16, 79-95 (1998).

. Sweatt, J. D. The neuronal MAP kinase cascade: a biochemical signal
integration system subserving synaptic plasticity and memory. J. Neurochem.
76, 1-10 (2001).

12. Koera, K. et al. K-ras is essential for the development of the mouse embryo.

Oncogene 15, 1151-1159 (1997).

13. Johnson, L. et al. K-ras is an essential gene in the mouse with partial
functional overlap with N-ras. (published erratum, Genes Dev. 11, 3277,
1997) Genes Dev. 11, 24682481 (1997).

14. Roberson, E. D. et al. The mitogen-activated protein kinase cascade couples
PKA and PKC to cAMP response element binding protein phosphorylation
in area CA1 of hippocampus. J. Neurosci. 19, 4337-4348 (1999).

15. Atkins, C. M., Selcher, J. C., Petraitis, J., Trzaskos, J. & Sweatt, J. The MAPK
cascade is required for mammalian associative learning. Nat. Neurosci. 1,
602-609 (1998).

16. Selcher, J. C., Atkins, C. M., Trzaskos, J. M., Paylor, R. & Sweatt, J. D. A
necessity for MAP kinase activation in mammalian spatial learning. Learn.
Men. 6, 478-490 (1999).

17. English, J. D. & Sweatt, J. D. A requirement for the mitogen-activated protein
kinase cascade in hippocampal long term potentiation. J. Biol. Chem. 272,
19103-19106 (1997).

1

—

nature neuroscience * volume 4 no 12 « december 2001

18.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43,

44,

45.

46.

47.

articles

Ebinu, J. O. et al. RasGRP, a Ras guanyl nucleotide- releasing protein with
calcium- and diacylglycerol-binding motifs. Science 280, 1082-1086
(1998).

. Tognon, C. E. et al. Regulation of RasGRP via a phorbol ester-responsive C1

domain. Mol. Cell Biol. 18, 69957008 (1998).

English, J. D. & Sweatt, J. D. Activation of p42 mitogen-activated protein
kinase in hippocampal long term potentiation. J. Biol. Chem. 271,
24329-24332 (1996).

. Frankland, P. W,, Cestari, V., Filipkowski, R. K., McDonald, R. J. & Silva, A. ].

The dorsal hippocampus is essential for context discrimination but not for
contextual conditioning. Behav. Neurosci. 112, 863—874 (1998).

Fanselow, M. S. Contextual fear, gestalt memories, and the hippocampus.
Behav. Brain Res. 110, 73—-81 (2000).

Rampon, C. et al. Enrichment induces structural changes and recovery from
nonspatial memory deficits in CA1 NMDARI-knockout mice. Nat. Neurosci.
3,238-244 (2000).

Shimizu, E., Tang, Y. P,, Rampon, C. & Tsien, J. Z. NMDA receptor-dependent
synaptic reinforcement as a crucial process for memory consolidation.
Science 290, 1170-1174 (2000).

Fanselow, M. S. Factors governing one-trial contextual conditioning. Anim.
Learn. Behav. 18, 264-270 (1990).

Phillips, R. G. & LeDoux, J. E. Differential contribution of amygdala and
hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 106,
274-285 (1992).

Schafe, G. E., Nadel, N. V., Sullivan, G. M., Harris, A. & LeDoux, J. E.
Memory consolidation for contextual and auditory fear conditioning is
dependent on protein synthesis, PKA, and MAP kinase. Learn. Mem. 6,
97-110 (1999).

Husi, H., Ward, M. A., Choudhary, J. S., Blackstock, W. P. & Grant, S. G.
Proteomic analysis of NMDA receptor-adhesion protein signaling complexes.
Nat. Neurosci. 3, 661-669 (2000).

Kennedy, M. B. Signal-processing machines at the postsynaptic density.
Science 290, 750754 (2000).

Leonard, A. S., Lim, I. A., Hemsworth, D. E., Horne, M. C. & Hell, J. W.
Calcium/calmodulin-dependent protein kinase II is associated with the N-
methyl-D-aspartate receptor. Proc. Natl. Acad. Sci. USA 96, 3239-3244
(1999).

. Silva, A. J. & Giese, K. P. in Neurobiology of Learning and Memory (eds.

Martinez, J. & Kesner, R.) 89-142 (Academic, San Diego, California, 1998).
Lisman, J. The CaM kinase II hypothesis for the storage of synaptic memory.
Trends Neurosci. 17, 406412 (1994).

Fukunaga, K., Soderling, T. R. & Miyamoto, E. Activation of
Ca**/calmodulin-dependent protein kinase II and protein kinase C by
glutamate in cultured rat hippocampal neurons. J. Biol. Chem. 267,
22527-22533 (1992).

Ouyang, Y., Kantor, D., Harris, K. M., Schuman, E. M. & Kennedy, M. B.
Visualization of the distribution of autophosphorylated calcium/calmodulin-
dependent protein kinase II after tetanic stimulation in the CA1 area of the
hippocampus. J. Neurosci. 17, 5416-5427 (1997).

Hanson, P. I. & Schulman, H. Neuronal Ca?*/calmodulin-dependent protein
kinases. Annu. Rev. Biochem. 61, 559-601 (1992).

Giese, K. P, Fedorov, N. B., Filipkowski, R. K. & Silva, A. J.
Autophosphorylation at Thr286 of the o calcium-calmodulin kinase II in
LTP and learning. Science 279, 870873 (1998).

Berman, D. E. & Dudai, Y. Memory extinction, learning anew, and learning
the new: dissociations in the molecular machinery of learning in cortex.
Science 291, 2417-2419 (2001).

Manabe, T. et al. Regulation of long-term potentiation by H-Ras through
NMDA receptor phosphorylation. J. Neurosci. 20, 2504-2511 (2000).
Farnsworth, C. L. et al. Calcium activation of Ras mediated by neuronal
exchange factor Ras-GRF. Nature 376, 524-527 (1995).

Giese, K. et. al. Hippocampus-dependent learning and memory is impaired
in mice lacking the Ras-guanine-nucleotide releasing factor 1 (RAS-GRF1).
Neuropharmacology 41, 791-800 (2001).

. Brambilla, R. et al. A role for the Ras signalling pathway in synaptic

transmission and long- term memory. Nature 390, 281-286 (1997).

Kim, J. H,, Liao, D., Lau, L. F. & Huganir, R. L. SynGAP: a synaptic RasGAP that
associates with the PSD-95/SAP90 protein family. Neuron 20, 683—-691 (1998).
Chen, H. J., Rojas-Soto, M., Oguni, A. & Kennedy, M. B. A synaptic Ras-
GTPase activating protein (pl135 SynGAP) inhibited by CaM kinase II.
Neuron 20, 895-904 (1998).

Barria, A., Muller, D., Derkach, V., Griffith, L. C. & Soderling, T. R.
Regulatory phosphorylation of AMPA-type glutamate receptors by CaMK-II
during long-term potentiation. Science 276, 20422045 (1997).

Tan, S. E. & Liang, K. C. Spatial learning alters hippocampal
calcium/calmodulin-dependent protein kinase IT activity in rats. Brain Res.
711, 234-240 (1996).

Cammarota, M., Bernabeu, R., Levi De Stein, M., Izquierdo, I. & Medina, J.
H. Learning-specific, time-dependent increases in hippocampal
Ca**/calmodulin-dependent protein kinase II activity and AMPA GluR1
subunit immunoreactivity. Eur. J. Neurosci. 10, 2669-2676 (1998).
Anagnostaras, S. G., Josselyn, S. A., Frankland, P. W. & Silva, A. J. Computer-
assisted behavioral assessment of Pavlovian fear conditioning in mice. Learn.
Mem. 7, 58-72 (2000).

1243



