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The extracellular signal-regulated kinases (ERKs) are members of the mitogen-activated protein kinase (MAPK)
superfamily of enzymes and have recently garnered considerable attention in the field of learning and
memory. ERK activation has been shown to be required for the induction of long-term potentiation (LTP) in
the rat hippocampus and for the formation of associative and spatial memories in both the rat and the mouse.
However, the individual roles for the two isoforms of ERK have yet to be deciphered. To investigate the
specific contribution of the ERK1 (p44) isoform of MAPK to mammalian learning, we performed a general
behavioral and physiological characterization of mice lacking the ERK1 gene. The ERKI1-null animals
demonstrated significantly higher levels of activity in the open field test. However, we observed no other
discernible deficits in the ERK1 knockout mice in our behavioral testing. Specifically, no differences were
observed in the acquisition or retention (24 h and 2 wk after training) of either contextual or cue fear
conditioning between the ERK17~~ and their wild-type littermate controls. In addition, no learning phenotype
was observed in the passive avoidance test. When hippocampal slices were analyzed, we found no deficits in
baseline synaptic transmission or in tetanus-induced LTP in hippocampal area CAl. We found no apparent
compensatory changes in the expression of ERK2 (p42 MAPK). We conclude that hippocampus- and

amygdala-dependent emotional learning does not depend critically on the activity of ERK1.

The cellular processes underlying learning and the forma-
tion of memory involve the regulation of synaptic strength
as well as the establishment of new synaptic connections.
The mechanisms by which neuronal activity is translated
into changes in synaptic organization have received consid-
erable attention. The recognition that intracellular signaling
pathways involving protein kinases are essential intermedi-
ates in the induction of longterm changes in synaptic
strength represents a significant advance in our understand-
ing of the molecular mechanisms of learning and memory.
The MAP kinases have been shown to be critically involved
in the formation of long-term memory (Kornhauser and
Greenberg 1997). Originally discovered as regulators of cell
division and differentiation, mitogen-activated protein ki-
nases (MAPKs) are abundantly expressed in neurons in the
mature central nervous system. Recently, their role in these
nondividing, terminally differentiated neurons has come un-
der investigation.

A number of previous studies have demonstrated a ma-
jor role for MAPK in mammalian associative learning. Our
laboratory has previously shown activation of extracellular
signal-regulated kinase (ERK) isoforms of MAPK in the rat
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hippocampus following a cue and contextual fear-condi-
tioning paradigm. In addition, intraperitoneal injection of an
inhibitor of MAPK kinase (MEK), the upstream activator of
MAPK, blocked fear conditioning in these animals (Atkins et
al. 1998). Preventing MAPK activation with a MEK inhibitor
also impaired fear learning in the mouse (Selcher et al.
1999). In a further refinement, Schafe et al. (1999) demon-
strated selective blockade of long-term, but not short-term,
fear conditioning following intraventricular infusion of a
MEK inhibitor. Together with reports utilizing other asso-
ciative learning paradigms including conditioned taste aver-
sion (Berman et al. 1998) and step-down inhibitory avoid-
ance (Walz et al. 1999), these fear-conditioning studies sol-
idly implicate MAPK in the formation of associative
memories.

Regulation of the MAPK family of enzymes involves a
core cascade of three protein kinases. Signal transduction
through this pathway begins with the activation of ras and
the physical interaction of this small G protein with the
serine/threonine kinases Raf-1 or B-Raf, resulting in their
activation. The Raf kinases then phosphorylate and activate
MEK (or MAPKK). MEK1 and MEK2 are dedicated dual-
specificity kinases that activate both ERK1 (p44 MAPK) and
ERK2 (p42 MAPK) by phosphorylating these enzymes on
threonine and tyrosine residues (e.g., Thr 183 and Tyr 185
for ERK2), provoking their enzymatic activation. On activa-
tion, the ERKs are translocated to the nucleus, where they

LEARNING & MEMORY 8:11-19 © 2001 by Cold Spring Harbor Laboratory Press ISSN1072-0502/01 $5.00

L E A R N | N G

&

M E M O R Y

www. Iearnmem.org

11



Selcher et al.

phosphorylate transcription factors, leading to changes in
gene expression (English et al. 1999).

Although a role for the ERKs in a number of behavioral
paradigms has been established, it is unclear which of the
two ERK isoforms contributes to learning. The inhibitors of
the MAPK cascade used in previous learning studies
(PD098059, U0126, and SL327) are quite selective in their
inhibition of MEK but, unfortunately, do not differentiate
between the two ERK isoforms. Previous studies using
knockout and transgenic mice have elucidated the specific
role of individual isoforms in other protein kinase families
known to be critical for synaptic plasticity and learning
(Silva et al. 1992; Abeliovich et al. 1993; Abel et al. 1997,
Weeber et al. 2000). Therefore, to investigate the specific
function of the ERK isoforms in learning and memory, we
employed mice in which one ERK isoform was genetically
inactivated. Specifically, we characterized mice lacking the
ERK1 isoform of MAPK in an attempt to determine the be-
havioral contribution of this protein kinase.

RESULTS

Normal Development in ERK1-Null Animals
ERK1-null animals were generated by homologous recom-
bination in embryonic stem cells (T. Nekrasova and G.E.
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Figure 1

ERK1-null animals are developmentally normal. (A) Sagittal sections through the brains of adult wild-type and ERK1

Landreth, in prep.). Homozygous ERK1™/~ mice were viable

and fertile and developed normally. Histological analysis of
the brains of the ERK17™~ animals did not reveal any gross
differences from the wild-type littermates (Fig. 1A, and data
not shown).

ERK expression was evaluated in both knockout and
wild-type mice by Western blot analyses of ERK protein
expression. Similar to wild-type controls, tissue from vari-
ous areas of the CNS of ERK1-null mice revealed abundant
ERK2 labeling. As expected, the knockout animals dis-
played no immunoreactivity to ERK1 (Fig. 1B,C). Phospho-
ERK staining was also assessed in hippocampal slices pre-
pared from ERK1 knockout and wild-type mice. Both basal
and forskolin-stimulated activation of ERK2 appeared nor-
mal in the ERK1 knockout mice (Fig. 1C). In addition, en-
dogenous activation of receptor-coupled ERK2 is also nor-
mal in the mutant mice. ERK2 activation was found to be
similar in ERK1 null mice as in wild types following potas-
sium depolarization, which elicits ERK activation via endog-
enous neurotransmitters and calcium influx (data not
shown). For ERK1 knockout mice as for controls, applica-
tion of the MEK inhibitor U0126 significantly attenuated
ERK2 phosphorylation. These results demonstrate that
ERK1 knockout mice show no perceptible up-regulation of
ERK?2 expression or activity.
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magnification. (B) Representative Western blots showing ERK protein expression in tissue from various regions of the CNS from ERK1
knockout and wild-type mice. (O) Western blots showing phospho-ERK (top) and total ERK (bottom) protein expression in 400—um-thick
hippocampal slices prepared from ERKT-null mice and littermate wildtypes. The first two lanes show tissue from control slices. Hippocampal
tissue in the middle two lanes received a 10 min exposure to 50 pM forskolin (+FSK), while tissue in the last two lanes were exposed to 50
pM forskolin following a 1 h pre-incubation with 20 yM U0126 (+FSK/U0126).
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Behavioral Characterization of ERK1~'~ Mice

Hyperactivity in ERK17/~ Mice

We began our behavioral characterization by monitoring
ERK17/~ and littermates in the open field test. The open
field test evaluated locomotor activity by recording move-
ments in both the horizontal and vertical planes. This test
also measured an index of anxiety-related response by cal-
culating the ratio between the distance traveled in the cen-
ter of the open field and the total distance traveled. For
example, an increase in anxiety would correspond with a
decrease in this ratio, as anxious animals spend more of
their time in the perceived safety of the corners and along
the edges of the open field arena.

The ERK1 knockout mice had a tendency to be more
active in the open field than their wild-type littermates.
These knockout mice showed significantly higher levels of
horizontal activity measured both by the number of beam
breaks (Fig. 2A) and by the total distance traveled (Fig. 2B)
than did control mice [horizontal (beam breaks),
F(1,249) =4.54, P =0.043; horizontal (total distance),
F(1,14) =6.10, P =0.021]. For both of these measures,
there was also a significant change in activity across time
[horizontal (beam breaks), F(14,336) = 39.64, P < 0.0001;
horizontal (total distance), F(14,336) = 23.12, P < 0.0001]
but no significant interaction between genotype and time.
There was no significant effect of genotype in vertical ac-
tivity in the open field (Fig. 2C), although there was a sig-

>

nificant change in activity across time [F(14,336) = 2.22,
P = 0.007; no significant interaction effect]. The center dis-
tance to total distance ratio for ERK1™~ and wild-type mice
is shown in Figure 2D. The two sets of mice showed no
difference in this measure, suggesting that the lack of ERK1
has no effect on baseline anxiety levels. We conclude from
these data that ERK1 knockout mice are mildly hyperactive.

ERK1~/~ Mice Exhibit Normal Motor and
Sensory Performance

The motor abilities of both ERK1™~ and wild-type litter-
mates were analyzed using the rotarod test. The amount of
time an animal can remain balanced on a rotating rod was
used as an index of the animal’s motor coordination. In
addition, increases in proficiency at this task are indicative
of normal motor learning.

ERK1 knockout mice and their wild-type controls per-
formed comparably in all trials on the accelerating rotarod
(Fig. 3). Two-way ANOVA revealed no significant effect of
genotype. Not surprisingly, there was a significant effect of
trial number, indicating that the amount of time spent on
the rotarod increased with training [F(7,112) = 23.19,
P < 0.0001]. There was no significant interaction between
genotype and trial number, suggesting that both sets of
mice showed similar improvements over time. Therefore,
these mutant mice were not discernibly impaired in terms

of motor coordination or motor learning.
Acoustic startle and prepulse inhibition
tests were conducted. These tests are sensory
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£ i @ i tasks designed to measure an animal’s respon-
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Figure 2 ERK1 knockout mice show increased horizontal activity in the open field.
(A,B) Horizontal activity measured by the number of beam breaks and total distance
respectively for ERK17~ (open box; n = 14) versus wild-type (filled circle; n=12)
and wild-type mice. (D)
and wild-type

mice. (O) Vertical activity was not different between ERK1~~

No difference in center distance-to-total distance ratio for ERK1
controls. Data are represented as the mean (= s.e.m.).
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P <0.0001]. There was also no significant in-
teraction effect between genotype and pre-
pulse intensity level. These data indicate that
ERK1-null mice are not impaired in terms of
basic auditory function.
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Figure 3 Mice deficient in ERK1 show no impairment on the
rotarod task. There was no significant difference between the
amount of time ERK17~ (open box; n=10) and wild-type (filled
circle; n=8) mice spent balanced on the accelerating rotarod.
Performance in both sets of mice improved significantly over the
course of eight trials.

Emotional Learning is Unimpaired in

ERK1~/~ Mice

Previous studies have demonstrated a pronounced depen-
dence of fear conditioning on normal ERK activation in the
central nervous system. To assay emotional learning in our
ERK1-deficient mice, we used a standard fear-conditioning
paradigm. In fear conditioning, animals learn to associate
neutral stimuli with an aversive one. The mice were placed
in a novel environment or context and were exposed to two
pairings of a tone and mild footshock. Fear learning was
assessed 24 h later by measuring freezing behavior in re-
sponse to re-presentation of either the context (the training
cage) or the auditory cue within a completely different con-
text. To test long-term retention of these associative memo-
ries, contextual and cue tests were also conducted 2 wk
after training.

ERK1-deficient and wild-type mice displayed similar
levels of conditioned fear (Fig. 5). There was no difference
in the levels of freezing during the training phase, suggest-
ing that acquisition of conditioned fear is identical in the
two sets of mice (Fig. 5A). Compared to controls, freezing
behavior in response to re-presentation of the context (Fig.
5B) and to the delivery of the cue within a new context (Fig.
5C) was not significantly different for ERK1 knockout mice.
Longer-term fear retention in the two groups also appeared
similar; fear associated with both the context (Fig. 5D) and
the cue (Fig. 5E) were intact when tested 2 wk after train-
ing. Once again, there were no significant differences be-
tween mutant and wild-type mice detected in these reten-
tion tests.

We assessed another emotional learning task in the
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ERK1 knockout mice: passive avoidance. In this test, ani-
mals learn to suppress their natural tendency to seek out
dark areas over well-lit areas after their entry into a dark
compartment is paired with a mild footshock. There was no
significant difference between ERK1 knockout mice and
their littermate controls in step-through latency, the mea-
sure of passive avoidance (Fig. 6). In both sets of mice, time
obviously had a significant effect, as subjects showed a sub-
stantial increase in step-through latencies following training
on day 1 [F(2,45) = 17.36, P < 0.0001]. Both mutant mice
and controls successfully suppressed their natural prefer-
ence for dark areas by avoiding the compartment within
which they were shocked.

Normal Hippocampal Physiology in ERK1~/~

Hippocampal synaptic plasticity is critically dependent on
the activity of the ERKs (English and Sweatt 1996, 1997).
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Figure 4 No difference in startle amplitude or prepulse inhibition
between ERK1~~ and wild-type mice. (A) Acoustic startle ampli-
tude to the 120-dB stimulus for wild-type and ERK1 knockout mice.
(B) Inhibition of the startle response by prepulses of varying inten-
sities for ERK17~ (open box; n= 14) and wild-type (filled circle;
n=12) mice.
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Figure 5 ERKT is not required for normal fear conditioning. (A) Freezing responses during the training phase are shown. Within a novel
environment, an acoustic stimulus (solid bar) was paired twice with a footshock (arrow) during training. Baseline behavior (before presen-
tation of the tone) and shock response (after the footshock) were similar for both ERK1~~ (open box; n = 10) and wild-type (filled circle; n = 8)
groups. (B) Compared to controls, ERK1-deficient mice demonstrated normal freezing to the context 24 h after receiving two pairings of tone
and shock. (O) Freezing in response to re-presentation of the auditory CS (solid bar) in a different context 24 h after training also revealed
unimpaired cue learning in ERK1 knockout mice. (D) Contextual fear conditioning was still intact when tested 14 d after training in both
ERK1~~ and wild-type mice. (F) Re-presentation of the auditory CS (solid bar) 14 d after fear conditioning yielded freezing levels in ERK1~/~
mice similar to wild-type controls. These results suggest unimpaired long-term retention of fear learning.

Induction of LTP leads to activation of both ERK1 and
ERK2; however, ERK2 is the predominant isoform activated
following synaptic activation (e.g., see Fig. 1; English and
Sweatt 1996, 1997). Loss of the ERK1 isoform of MAPK had
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Figure 6 ERK1-deficient mice are unimpaired in passive avoid-
ance learning. Time to enter the dark half of the chamber, or step-
through latency, was similar on both testing days for ERK1~~ mice
( open box; n=10) and littermate wildtype controls (filled circle;
n= 7).
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no deleterious effect on baseline synaptic transmission at
Schaffer collateral synapses. Input-output functions gener-
ated by stimulation of area CA3 and field recordings of py-
ramidal neurons in area CA1l were similar for mutant and
wild-type hippocampal slices (Fig. 7A). Paired-pulse facilita-
tion (PPF) was also assessed in these slices. This is a form of
short-term plasticity believed to result from residual calcium
in the presynaptic cell that enhances neurotransmitter re-
lease. PPF in ERK1 knockout mice was virtually identical to
wild-type controls at all interstimulus intervals tested (Fig.
7B). These results suggest that ERK1 is not necessary for
normal hippocampal synaptic transmission and is not an
integral component of the machinery underlying short-term
plasticity.

On the basis of the necessity for ERK activation in the
induction of LTP in the rat, we were especially intrigued to
analyze hippocampal LTP in mice specifically lacking ERK1.
In these experiments, LTP was induced with two 1-sec,
100-Hz tetani separated by 20 sec. We observed no signifi-
cant differences between ERK1 knockout mice and litter-
mate controls in either posttetanic potentiation (PTP) or
LTP (Fig. 7C). This lack of phenotype does not appear to be
caused by any compensatory change in ERK2 protein levels
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term depression (LTD) in the rat hippocampus
is associated with long-lasting decreases in ERK
immunoreactivity (Norman et al. 2000).
Behavioral studies have also demonstrated
a significant role for MAPK in learning and
memory. Our laboratory previously reported a
necessity for ERK activation in fear condition-
ing in both the rat (Atkins et al. 1998) and the
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Figure 7 Normal synaptic transmission and synaptic plasticity in ERK1 knockouts.
(A) Baseline synaptic transmission shown with input-output curves for ERK1
(open box; n=9 slices) and littermate wildtype controls (filled circle; n=10). (B)
Paired-pulse facilitation in hippocampal slices from ERK1-deficient and wild-type
mice. (C) LTP induced with a pair of 100-Hz tetani in area CA1 is similar for ERK17~
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" a0 mouse (Selcher et al. 1999). Contextual and
cued fear learning in both of these species was
blocked by application of the MEK inhibitor
SL327. ERK activation was shown to be neces-
sary for another form of associative learning,
conditioned taste aversion. Microinjection of a
MEK inhibitor into the insular cortex shortly
before pairing of a novel taste to a malaise-
inducing agent attenuated long-term taste-aver-
sion memory (Berman et al. 1998). MEK inhibi-
tors also impair spatial learning in the Morris
water maze in both of these rodent species,
pointing to a necessary role for ERK in this
form of learning (Blum et al. 1999; Selcher et
al. 1999).

Taken together, these findings build a con-
vincing argument for a requirement of the ERK
isoforms of MAPK in the molecular events that

/-

and wild-type hippocampal slices. Inset, representative traces from control and mu-

tant slices before (gray) and after (black) tetanic stimulation. Scale bars are 0.2 mV
by 4 msec. The arrow indicates the delivery of two trains of 100-Hz, 1-sec stimulation.

or enhanced ERK2 activation in the ERK1 knockout mice
(Fig. 1). Overall, these data indicate that area CA1 hippo-
campal physiology, in terms of baseline synaptic transmis-
sion, PPF, and tetanus-induced long-term plasticity, is not
dependent on the activity of the ERK1 isoform of MAPK.

DISCUSSION
The MAPK Cascade in LTP and Learning

An extraordinary number of recent studies have implicated
the MAPK cascade in synaptic plasticity and learning in a
wide variety of systems. Activation of the ERK isoforms of
MAPK have been demonstrated to be necessary for the in-
duction of NMDA receptor-dependent LTP in area CA1 of
the rat hippocampus (English and Sweatt 1996, 1997; At-
kins et al. 1998; Impey et al. 1998a; Winder et al. 1999; Wu
et al. 1999; but also see Liu et al. 1999), NMDA receptor-
independent LTP in area CA1 (Kanterewicz et al. 2000), LTP
in the dentate gyrus (Coogan et al. 1999), LTP in vivo (Davis
et al. 2000; Rosenblum et al. 2000), and LTP of the amyg-
dalar inputs into the insular cortex (Jones et al. 1999). ERK
activation has also been shown to be necessary in long-term
facilitation of the sensory-motor synapse in Aplysia (Martin
et al. 1997) and in an in vitro Pavlovian conditioning para-
digm in Hermissenda (Crow et al. 1998). In addition, long-
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underlie information storage at both the syn-
aptic and behavioral levels. The goal of this
study was to address the specific contribution
of one of these ERK isoforms. To this end, ERK1 knockout
mice were tested in various behavioral and physiological
paradigms to elucidate the role of this particular protein in
sensory, motor, and learning systems.

One important caveat to this study, as with other stud-
ies involving knockout animals, involves developmental ef-
fects of the mutation. The fact that the gene and its product
were missing throughout development means that the
knockout affects every ERK1-dependent function during de-
velopment. Because the MAPK pathway is so important de-
velopmentally, the potential for these types of effects was
especially worrisome. In addition, we considered whether
the absence of ERK1 during development allowed compen-
satory mechanisms to emerge that could potentially mask
the normal role of ERK1. The ERKI1-null mice, however,
appeared to show normal anatomical and functional devel-
opment. In fact, the only apparent derangement in the
knockout mice in terms of sensory or motor functioning
was a modest increase in activity measured in the open field
test. Although hyperactivity can often impact other behav-
ioral tests (e.g., fear conditioning), no other phenotype was
uncovered in testing, suggesting that the enhanced activity
in these mice was not a confounding factor for subsequent
tests. We also saw no obvious compensatory changes in the
basal levels of ERK2 or in stimulated levels of phosphory-

M E M O R Y

www. Iearnmem.org

16



Behavioral Characterization of ERK1~'~ Mice

lated ERK2 in the hippocampi of knockout mice. Therefore,
behavioral and physiological characterization of these ani-
mals should provide an accurate assessment of the role of
ERK1 in mouse learning.

No Role for ERK1 in LTP and Learning

The results of this study clearly demonstrate that the ERK1
isoform of MAPK is not necessary for associative learning in
the mouse. No differences were observed in the acquisition
or retention (24 h and 2 wk after training) of contextual or
cued fear conditioning between the two groups of mice;
there were also no differences in their baseline freezing
rates or in their shock responses. In addition, no learning
phenotype was observed in the passive avoidance task. In
this test, animals were shocked on entering the dark half of
a two-chambered shuttle box. When tested 24 h later, there
was no significant difference between the ERK1 knockout
mice and wild-type controls in their latencies to enter the
darkened chamber.

The lack of a behavioral phenotype in contextual fear
conditioning and passive avoidance, two hippocampus-de-
pendent tasks (Stubley-Weatherly et al. 1996; Logue et al.
1997; Impey et al. 1998b), taken together with the absence
of an overt physiological phenotype, suggest that hippo-
campal function is essentially intact in the ERK1 knockout
mice. We hypothesize that other hippocampus-dependent
behaviors, such as spatial learning, should be undisturbed in
these mutant mice. Pilot experiments testing the ERK1
knockout mice in the hidden-platform version of the Morris
water maze demonstrated that the ERK1-deficient mice ex-
hibited no apparent differences in escape latencies during
training trials (data not shown). In addition, probe trials
demonstrated that both sets of mice used a selective search
strategy by spending significantly more time searching in
the quadrant of the pool in which the platform was located
during training. On the basis of these findings, it seems
rather unlikely that ERK1 is playing a critical role in mam-
malian spatial learning.

A Selective Role for ERK2?

What do these findings reveal about the role of ERK2 in
synaptic plasticity and learning? One explanation for the
lack of a functional effect would suggest that ERK1 and
ERK2 play redundant roles. In this scenario, ERK2 can com-
pensate for the loss of ERK1 in these knockout mice,
thereby preventing the detection of a learning impairment.
A second explanation would allow for the possibility that
ERK2 plays a predominant role in the plastic changes ac-
companying learning, and its selective activation is neces-
sary for learning to occur.

Consistent with the first idea is the fact that in most in
vitro systems, the two ERK isoforms are coordinately regu-
lated. Both are activated solely by MEK1 and MEK2, share
very similar substrate profiles, and display a high degree of
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sequence homology. The absence of an overt phenotype
and the finding that the animals are behaviorally similar to
wild-type littermates argue that the ERK isoforms have sig-
nificant functional redundancy.

Nevertheless, we favor the second hypothesis, as a
number of recent findings suggest that ERK2 may be more
selectively involved in mammalian learning. Relative to
ERK1, for example, the ERK2 isoform of MAPK shows
higher basal levels of activation in the hippocampus as as-
sessed using phospho-selective antibodies. Hippocampal
ERK2 also displays a high degree of responsiveness to a
variety of signal transduction pathways critical to synaptic
plasticity and learning (Roberson et al. 1999; Schmid et al.
1999; Norman et al. 2000). More interesting, perhaps, is
that our laboratory has demonstrated previously selective
activation of ERK2 following induction of a physiological
model for learning. In these experiments, phospho-ERK2
but not phospho-ERK1 levels were significantly increased in
area CAl of the rat hippocampus 1 h after delivery of LTP-
inducing tetanic stimulation (English and Sweatt 1996). The
preferential activation of the ERK2 isoform of MAPK in the
same region of the rat hippocampus was also observed in
experimental animals 1 h after exposure to contextual fear
conditioning (Atkins et al. 1998). Hopefully, future investi-
gations using ERK2 deficient mice will allow the direct test-
ing of these two alternative possibilities.

MATERIALS AND METHODS
Subjects

ERK1 knockout and littermate wild-type mice were generated on a
mixed 129/SvImJ x CD1 genetic background. The genetic back-
ground of the subjects used in these experiments was 98% 129/
SvimJ following multiple (roughly six or seven) backcrossings.
ERK1-null mice and littermate wild-types were shipped from Case
Western Reserve School of Medicine and were held at Baylor Col-
lege of Medicine in quarantine for ~4 wk. Behavioral testing was
begun 1 wk following release from quarantine. To characterize the
phenotype of these ERK1 null mice, subjects were put through a
battery of behavioral tasks adapted from Paylor et al. (1998). Ani-
mals were tested in the open field test, rotarod test, acoustic startle,
prepulse inhibition, cued and contextual fear conditioning, and
passive avoidance learning. Animals were housed on a 12-h light/
dark schedule. All experiments were performed in accordance with
the Baylor College of Medicine Institutional Animal Care and Use
Committee and with national regulations and policies.

Western Blot Analysis

For Western Blot samples, mouse brains were immediately re-
moved and perfused with ice-cold saline (125 mM NacCl, 2.5 mM
KCl, 1.25 mM NaH,PO,, 25 mM NaHCOj;, 25 mM D-glucose, 2 mM
CaCl,, 1 mM MgCl,, saturated with 95% O,/5% CO, at pH 7.4).
Regions of the brain were dissected, then homogenized in 2 mL of
buffer (20 mM Tris-HCI pH 7.5, 1 mM EGTA, 1 mM EDTA, 25 ug/mL
aprotonin, 25 ug/mL leupeptin, 1 mM Na,P,0,, 500 uM phenyl-
methylsulfonyl fluoride, 4 mM nitrophenylphosphate, 1 mM so-
dium orthovanadate). Laemmli sample buffer was immediately
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added to the homogenate, and the samples were boiled at 95°C for
10 min. Samples were electrophoresed on a 10% SDS-polyacryl-
amide gel, blotted electrophoretically to Immobilon-P or PVDF, and
washed in TTBS buffer (50 mM Tris-HCI pH 7.5, 150 mM Nacl,
0.05% Tween-20). Membranes were blocked in TTBS with 3% bo-
vine serum albumin (BSA). The following primary antibodies were
used: activated MAPK (1:1000; New England Biolabs) and panERK
(1:3000; UBD. All blots were incubated with a secondary antibody
conjugated to horseradish peroxidase (1:30,000) and developed
using the enhanced chemiluminescence method (Amersham). To
assess changes in the activation of MAPK, phosphorylation levels
were normalized relative to the total MAPK level. Protein concen-
tration was determined using the BCA assay.

Histological Analysis

ERK1~~ mice and control littermates were anesthetized with 0.04
cc/g avertin and perfused with 4% paraformaldehyde in 0.1M phos-
phate buffer for 10 min. The dissected tissue was fixed in 4% para-
formaldehyde for an additional hour at room temperature. Samples
were rinsed with PBS and infiltrated with 30% sucrose overnight at
4°C. The tissues were embedded in paraplast (Oxford) and 10-um
sections were cut on a Leitz 1512 rotary microtome. The tissues
were stained with hematoxylin and eosin and counterstained with
luxol Blue.

Open Field Test

Each subject was placed in the center of a clear arena (40 x 40 x 30
cm) in standard room-lighting conditions. The open field was di-
vided into 256 equally sized squares by 16 photoreceptor beams on
each side of the arena. Locomotor activity was quantitated using a
Digiscan optical animal activity system (RXYZCM [16], Accuscan
Electronics). Activity measures represent the number of photo-
beam interruptions in both the horizontal and vertical planes col-
lected in 2-min intervals over a 30-min testing period. Additional
activity data include the total distance traveled in the horizontal
plane (in cm) and the ratio of the distance traveled in the 16 most
centrally located squares compared to the total distance traveled
(center distance/total distance ratio).

Rotarod Test

Two days after open field testing, motor coordination, balance, and
motor learning were examined with the accelerating rotarod task.
In this test, the animal was required to maintain its balance upon
placement on a rotating bar. Over the course of each 5-min trial, the
speed of the rotarod accelerated from 4 to 40 rpm. The amount of
time before the subject fell from the rod was measured. Mice un-
derwent four rotarod trials per day for two consecutive days with
an intertrial interval of 1 h.

Acoustic Startle and Prepulse Inhibition

Three days later, acoustic startle and prepulse inhibition of startle
were assayed as described previously (Paylor and Crawley 1997).
Briefly, mice were placed in a Plexiglas cylinder within a testing
chamber (70-dB background noise level) and left undisturbed for 5
min. Acoustic startle was then measured by the SR-Lab System (San
Diego Instruments) in response to a 40-msec, 120-dB soundburst.
Prepulse inhibition, a phenomenon whereby the acoustic startle
response is reduced upon presentation of a sound (or prepulse) just
prior to the startle stimulus, was also assessed in the two sets of
mice. Test sessions consisted of seven different types of trials. In
addition to the single acoustic startle stimulus trials, there were also
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five different prepulse-plus-acoustic-startle stimulus trials. Prepulse
sounds of 74, 78, 82, 86, and 90 dB were presented 100 msec
before the startle stimulus and were 20 msec in duration. We also
employed a trial in which no stimulus was presented, to gauge
baseline movement. Testing consisted of six blocks of seven trials
with an intertrial interval averaging 15 sec. Startle responses were
recorded for 65 msec starting with the onset of the startle stimulus.
The peak startle amplitude was used.

Fear Conditioning

One week after prepulse inhibition testing, conditioned fear was
assessed as described in Selcher et al. (1999), except that a 2x-
pairing protocol was employed. For cue and contextual fear con-
ditioning, animals were placed in the fear conditioning apparatus
for 3 min, then a 30-sec acoustic conditioned stimulus (CS; white
noise, 80 dB) was delivered. During the last second of the CS, a
1-sec shock unconditioned stimulus (US; 0.5 mA) was applied to
the grid floor. CS-US pairings were given twice with a 90-sec inter-
val between the two pairings. To assess contextual learning, the
animals were returned to the training context 24 h post-training,
and freezing behavior was scored for 5 min. To assess cue learning,
the animals were placed in a different context (novel odor, lighting,
cage floor, and visual cues) following contextual testing. Baseline
behavior was measured for 3 min in the novel context, and then the
tone was presented for 3 min. Fourteen days after training, fear
retention was assessed. Two-week retention testing was identical
to the contextual and cue tests conducted 24 h after training. Freez-
ing behavior was assessed using a time sampling procedure
whereby the animal was observed for approximately 1 sec every 5
sec. The experimenter was blind to genotype.

Passive Avoidance

Emotional learning was also tested in a step-through passive avoid-
ance task. Animals were placed in a conditioning chamber sepa-
rated into two compartments, one illuminated and one dark, by a
partition containing a trap door. On the training day, subjects were
placed in the illuminated section and allowed to move freely in the
chamber. The time necessary for the mouse to move into the dark
compartment, or step-through latency, was measured for each ani-
mal. When the mouse had completely entered the dark half of the
chamber, the trap door was shut and a mild footshock (1 sec, 0.5
mA) was delivered. After 10 sec in the dark section, the animal was
removed and returned to its home cage. Testing was conducted 24
h later and consisted of placing the animal back into the lit com-
partment. Step-through latencies were once again measured. Mice
displaying normal passive avoidance learning avoided the dark sec-
tion of the chamber and thus had much higher latencies following
training.

Electrophysiological Characterization

Hippocampal slice preparation and electrophysiology were per-
formed as described (English and Sweatt 1996). Transverse hippo-
campal slices (400 uM) from ERK17~~ and wild-type littermate con-
trol mice (4-8 wk old) were prepared with a Vibratome and per-
fused (1 mL/min) with a standard saline solution (see saline recipe
above) and allowed to equilibrate for 60-90 min in a Fine Science
Tools interface chamber at 30°C. For extracellular field recordings,
glass recording electrodes (1-3 MQ)) filled with ACSF were placed
in the stratum radiatum of area CA1, while a bipolar platinum stimu-
lating electrode was also placed in stratum radiatum of area CA3 for
stimulation of Schaffer collateral afferents. Test stimulus intensity
was adjusted to elicit a field excitatory postsynaptic potential
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(fEPSP) that was ~30-40% of the maximum response. Responses
(obtained at 0.05 Hz) were monitored for at least 20 min to ensure
a stable baseline. The high-frequency stimulation paradigm em-
ployed in these studies consisted of two trains of 1-sec, 100-Hz
stimulation at the test stimulus intensity with an intertrain interval
of 20 sec.
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