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Several lines of evidence suggest that extracellular signal-regulated kinase1/2 (ERK1/2) and dopaminergic system is
involved in learning and memory. However, it remains to be determined if the dopaminergic system and ERK1/2
pathway contribute to cognitive function in the prefrontal cortex (PFC). The amount of phosphorylated ERK1/2 was
increased in the PFC immediately after exposure to novel objects in the training session of the novel object
recognition test. An inhibitor of ERK kinase impaired long-term recognition memory 24 h after the training
although short-term memory tested 1 h after the training was not affected by the treatment. The dopamine D1
receptor agonist increased ERK1/2 phosphorylation in the PFC in vivo as well as in cortical neurons in vitro.
Microinjection of the dopamine D1 receptor antagonist into the PFC impaired long-term recognition memory
whereas the D2 receptor antagonist had no effect. Immunohistochemistry revealed that exposure to novel objects
resulted in an increase in c-Fos expression in the PFC. Microinjection of the protein synthesis inhibitor anisomycin
into the PFC impaired the long-term recognition memory. These results suggest that the activation of ERK1/2
following the stimulation of dopamine D1 receptors is necessary for the protein synthesis-dependent long-term
retention of recognition memory in the PFC.

Recognition memory is a fundamental facet of ability to remem-
ber and an integral component of the class of memory lost in
amnesia (Aggleton and Brown 1999). The ability to discriminate
familiar from novel stimuli is supported by this form of memory
and is widely used as an assay in animals (Brown and Aggleton
2001). Recent work highlights a major role in recognition
memory for the perirhinal cortex because lesions or transient
inactivation of perirhinal cortex consistently disrupt perfor-
mance on familiarity discrimination tasks with object in both
primates and rats (Aggleton and Brown 1999; Murray and Rich-
mond 2001; Winters and Bussey 2005b). Research on the peri-
rhinal cortex has demonstrated that dysfunction of glutamate
receptors impairs recognition memory (Winters and Bussey
2005a; Barker et al. 2006). In addition to the perirhinal cortex, it
has been reported that the prefrontal cortex (PFC) plays a critical
role in recognition memory (Meunier et al. 1997; Ragozzino et al.
2002), and microinjection of N-methyl-D-aspartate (NMDA) an-
tagonist into the PFC induces memory impairment (Akirav and
Maroun 2006).

Dopamine transmission in the PFC functionally regulates
the higher motor functions of behavior, motivation, and cogni-
tion (Egan and Weinberger 1997; Lewis et al. 1998; Yang et al.
1999). In the PFC of rodents and monkeys, both the amount of
receptor mRNA and the number of receptor-binding sites are sig-

nificantly greater for the dopamine D1 receptor than for the
other dopamine receptor subtypes (Farde et al. 1987; Lidow et al.
1991; Goldman-Rakic et al. 1992; Gaspar et al. 1995). Dopamine
D1 receptors may thus play an important role in regulating the
functions of the PFC. For instance, a disruption of dopamine
transmission in the PFC caused by infusions of dopamine D1
receptor antagonists or by excitotoxic lesions impaired the work-
ing memory in nonhuman primates (Sawaguchi and Goldman-
Rakic 1991, 1994). There are a few studies that have investigated
the role of dopamine D1 receptors in the recognition memory.
Systemic administration of the dopamine D1 antagonist reduced
preference for novel objects (Besheer et al. 1999), whereas dopa-
mine D1 receptor agonist potentiated memory retrieval in recog-
nition memory in rats (Hotte et al. 2005). However, the mecha-
nisms by which the dopaminergic system regulates recognition
memory in the PFC remain unclear.

The storage of long-term memory, or memory consolida-
tion, requires new mRNA and protein synthesis whereas short-
term memory is insensitive to inhibitors of transcription and
translation (Davis and Squire 1984; McGaugh 2000). It is well
established that extracellular signal-regulated kinase1/2 (ERK1/
2), a member of the mitogen-activated protein kinase (MAPK)
family, plays an important role in transcriptional regulation in
many cell types, including neurons (Treisman 1996). The ERK
signaling pathway is a highly conserved kinase cascade linking
transmembrane receptors to downstream effector mechanisms
(Chang and Karin 2001; Pearson et al. 2001). In neurons, ERK1/2
signaling is activated by stimuli associated with synaptic activity
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and plasticity, most notably calcium influx and neurotrophins
(McAllister et al. 1999; West et al. 2001; Tyler et al. 2002). It has
been demonstrated that ERK1/2 is involved in long-term
memory, but not memory acquisition or short-term memory, in
the insular cortex, hippocampus (Blum et al. 1999), amygdala
(Schafe et al. 2000), and entorhinal cortex (Hebert and Dash
2002). These results suggest that an increase in the level of phos-
phorylated ERK1/2 can be used as a correlate for long-term
memory storage.

We have previously shown that the ERK1/2 plays a critical
role in memory functions under physiological and pathological
conditions (Mizoguchi et al. 2004; Kamei et al. 2006; Nagai et al.
2006). Especially, ERK1/2 signaling pathway linked to dopamine
D1 receptors (Valjent et al. 2000; Zanassi et al. 2001) is involved
in methamphetamine (METH)-associated contextual memory in
rats (Mizoguchi et al. 2004). Moreover, we have demonstrated
that repeated METH treatment in mice induces cognitive impair-
ment in a novel object recognition test, which is accompanied by
a dysfunction of the ERK1/2 pathway in the PFC (Kamei et al.
2006). Taken together, these results raise the possibility that the
dopamine D1 receptor-ERK1/2 signaling pathway in the PFC is
critically involved in molecular adaptations that are necessary for
long-term behavioral and neuronal plasticity. In this study, we
investigated the role of the dopamine D1 receptor-ERK1/2 sig-
naling pathway in the PFC for recognition memory in mice.

Results

Effect of a MEK inhibitor on the novelty-induced
ERK1/2 phosphorylation in the PFC
We first examined the changes in levels of phosphorylated
ERK1/2 in the PFC of mice following exposure to novel objects by
Western blotting. A significant increase was observed immedi-
ately after a 10-min exposure (F(3,19) = 12.151, P < 0.01 by
ANOVA, and P < 0.01 by post-hoc comparison; Fig. 1A), followed
by a return to control levels within 30 min (Fig. 1A). On the other

hand, no significant changes were observed in the hippocampus
after exposure to the novel objects (data not shown). There were
no differences in total ERK1/2 levels between the control and
exposed groups in any region of the brain examined.

SL327 is a specific ERK kinase (MEK) inhibitor that pen-
etrates the blood-brain barrier. It is reported that a peripheral
injection of SL327 dose-dependently (0–100 mg/kg) reduced lev-
els of phosphorylated ERK1/2 in rat hippocampus and frontal
cortex, the effect reaching a plateau at a dose of 50 mg/kg
(Selcher et al. 1999). The novelty-induced ERK1/2 phosphoryla-
tion in the PFC was significantly abolished by SL327 (50 mg/kg,
i.p.) treatment (F(3,20) = 3.243, P < 0.05 by ANOVA, and P < 0.01
by post-hoc comparison; Fig. 1B). There was no concurrent de-
crease in total ERK1/2 levels with SL327 (Fig. 1B).

Effect of a MEK inhibitor on performance in the novel
object recognition test
Next, we tested whether novelty-induced activation of ERK1/2 in
the PFC is associated with recognition memory in the novel ob-
ject recognition test. To this end, SL327 (30 or 50 mg/kg, i.p.) was
injected 1 h before the training session. During the training ses-
sion, SL327-treated and vehicle-treated mice spent equal
amounts of time exploring either of the two objects (Fig. 2A), and
thus there was no biased exploratory preference in either group
of animals. Moreover, SL327 had no effect on total exploration
time for the objects (Fig. 2B), suggesting that the MEK inhibitor
has no effect on motivation, curiosity, or motor function.

The retention session was carried out 1 or 24 h after the
training session. In the 1-h retention session, SL327-treated mice
exhibited the same level of exploratory preference for a novel
object as did vehicle-treated mice (Fig. 2A). However, when re-
tention performance was tested 24 h after the training session,
the level of exploratory preference for the novel object in the
SL327-treated mice was significantly decreased compared to that
in the vehicle-treated mice (F(2,15) = 26.844, P < 0.01 by ANOVA,
P < 0.01 by post-hoc comparison; Fig. 2A). The total exploration
time did not differ among the three groups in the retention ses-
sion. These results suggest that inhibition of ERK1/2 by SL327
treatment results in an impairment of long-term memory reten-
tion without affecting memory acquisition (learning) and short-
term memory retention.

These results are consistent with our previous findings that
microinjection of PD98059, a selective MEK inhibitor, into the
PFC before the training session impaired the object recognition

Figure 1. Effect of a MEK inhibitor SL327 on novelty-induced ERK1/2
phosphorylation in the PFC. (A) Changes in ERK1/2 phosphorylation in
the PFC of mice exposed to novel objects. Mice were killed immediately
(0 min) or 30 min after the exposure (n = 5 for control [0 min] group;
n = 6 for other groups). (B) Effect of SL327 on novelty-induced ERK1/2
phosphorylation in the PFC. SL327 (50 mg/kg, i.p.) was injected 60 min
before the exposure to novel objects, and the mice were decapitated
immediately after the exposure (n = 3 for vehicle-treated control group;
n = 8 for vehicle-treated exposure group; n = 5 for SL327-treated control
group; n = 8 for SL327-treated exposure group). C, mice were not ex-
posed to novel objects. E, mice were exposed to novel objects. Values
represent the mean � SE. ANOVA analysis: F(3,19) = 12.151, P < 0.01 for
A; F(3,20) = 3.243, P < 0.05 for B. **P < 0.01 compared to corresponding
control group. ##P < 0.01 compared to corresponding exposure group.

Figure 2. Effect of a MEK inhibitor SL327 on performance in the novel
object recognition test. (A) Exploratory preference. (B) Total exploration
time. SL327 (30 or 50 mg/kg, i.p.) was injected 60 min before the train-
ing session, and the retention session was carried out either 1 or 24 h after
the training session. Values represent the mean � SE (n = 6). ANOVA
analysis: F(2,15) = 26.844, P < 0.01 in exploratory preference of retention
session 24 h after the training. **P < 0.01 compared to corresponding
vehicle-treated group.
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memory when tested 24 h after the training (Kamei et al. 2006).
In the present study, we also tested the effect of PD98059 micro-
injected into the hippocampus of mice before the training ses-
sion. In the training session, bilateral microinjections of
PD98059 into the hippocampus (2 µg/side) did not affect the
exploratory preference or the total exploration time (Fig. 3A).
However, when memory retention was tested 24 h after the train-
ing session, the level of exploratory preference for a novel object
in the PD98059-treated mice was significantly decreased com-
pared to that in the vehicle-treated mice (F(3,28) = 11.736,
P < 0.01 by ANOVA, P < 0.01 by post-hoc comparison; Fig. 3A),
without affecting total exploration time in the retention session
(Fig. 3B).

Effects of dopamine D1 and D2 receptor antagonists
on recognition memory
To explore the role dopamine receptors in the PFC play in rec-
ognition memory, we examined the effects of bilateral microin-
jections of a selective dopamine D1 receptor antagonist,
SCH23390 (1 µg/side), or a dopamine D2 receptor antagonist,
raclopride (5 µg/side), into the PFC on performance in the novel
object recognition test. For the doses of SCH23390 and raclo-
pride, we referred to the studies by Runyan and Dash (2004) and
Greba et al. (2001), respectively. Bilateral microinjections of
SCH23390 into the PFC had no effect on the exploratory prefer-
ence or the total exploration time in the training session (Fig.
4A,B, respectively). However, when memory retention was tested
24 h after the training session, SCH23390-treated mice showed a
significant decrease in the exploratory preference for a novel ob-
ject compared to the vehicle-treated mice (F(2,22) = 9.915,
P < 0.01 by ANOVA, P < 0.01 by post-hoc comparison; Fig. 4A).
In contrast, bilateral microinjections of raclopride into the PFC
had no effect on exploratory preference in the training and re-
tention sessions (Fig. 4A). These results suggest that dopamine
D1 receptors in the PFC play a role in object recognition
memory.

To further characterize the memory component(s) that was
inhibited by SCH23390, we used a different batch of mice. When
the retention was tested 1 h after the training, SCH23390 had no
effect on the exploratory preference for a novel object or the total
exploration time (Fig. 4C,D). However, the exploratory prefer-
ence for a novel object disappeared in the SCH23390-treated
mice, when the retention session was carried out 24 h after the
training session (F(3,32) = 15.519, P < 0.01 by ANOVA, P < 0.01 by

post-hoc comparison; Fig. 4C). These results suggest that a block-
ade of dopamine D1 receptors in the PFC leads to a deficit of
long-term retention of object recognition memory without af-
fecting memory acquisition or short-term memory retention.

Effect of a dopamine D1 receptor agonist on ERK1/2
phosphorylation in the PFC
Next, we investigated whether stimulating dopamine D1 recep-
tors promotes the phosphorylation of ERK1/2 in the PFC in vivo.
We determined the levels of phosphorylated ERK1/2 in the PFC
of mice following treatment with a selective dopamine D1 recep-
tor agonist, SKF38393. SKF38393 caused a robust dose-dependent
increase in phosphorylated ERK1/2 levels in the PFC of mice,
with a significant change at a dose of 10 mg/kg (F(2,24) = 5.188,
P < 0.05 by ANOVA, and P < 0.01 by post-hoc comparison; Fig.
5A).

To confirm that the activation of dopamine D1 receptors
induces the phosphorylation of ERK1/2 in cortical neurons, we
stimulated primary cultured cortical neurons with SKF38393.
The addition of SKF38393 to the culture medium resulted in a
concentration-dependent increase in phosphorylated ERK1/2
levels (F(4,25) = 14.024, P < 0.01; Fig. 5B). The SKF38393-induced
phosphorylation of ERK1/2 was dose-dependently and com-

Figure 3. Effects of bilateral intra-hippocampal injections of a MEK
inhibitor PD98059 on performance in the novel object recognition test.
(A) Exploratory preference. (B) Total exploration time. PD98059 (2 µg/
1.0 µL/side) was microinjected bilaterally into the hippocampus of mice
20 min before the training session. The retention session was carried out
24 h after the training session. Values indicate the mean � SE (n = 8).
ANOVA analysis: F(3,28) = 11.736, P < 0.01 for A. **P < 0.01 compared to
corresponding vehicle-treated group.

Figure 4. Effects of bilateral intra-PFC injections of dopamine D1 or D2
receptor antagonist on performance in the novel object recognition test.
(A,C) Exploratory preference. (B,D) Total exploration time. (A,B)
SCH23390 (1 µg/0.5 µL/side) or raclopride (5 µg/0.5 µL/side) was mi-
croinjected bilaterally into the PFC of mice 15 min before the training
session. The retention session was carried out 24 h (n = 7 for vehicle-
treated group, n = 9 for SCH23390-treated group, n = 9 for raclopride-
treated group) after the training session. (C,D) SCH23390 (1 µg/0.5 µL/
side) was bilaterally microinjected into the PFC of mice 15 min before the
training session. The retention session was carried out either 1 h (n = 9 for
vehicle-treated group, n = 11 for SCH23390-treated group) or 24 h
(n = 7 for vehicle-treated group, n = 9 for SCH23390-treated group) after
the training session. Values indicate the mean � SE. ANOVA analysis:
F(2,22) = 9.915, P < 0.01 for A; F(3,32) = 15.519, P < 0.01 for C. **P < 0.01
compared to corresponding vehicle-treated group.
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pletely blocked by pretreatment with a selective dopamine D1
antagonist, SCH23390 (F(3,26) = 20.277, P < 0.01 by ANOVA, and
P < 0.01 by post-hoc comparison; Fig. 5C) or MEK inhibitor,
SL327 (F(3,26) = 15.748, P < 0.01 by ANOVA, and P < 0.01 by post-
hoc comparison; Fig. 5D). Taken together, these results suggest
that stimulating dopamine D1 receptors in the PFC directly ac-
tivates ERK1/2 via MEK.

Novelty-induced c-Fos expression in the PFC
and the effect of a protein synthesis inhibitor
on recognition memory
Molecular accounts of memory suggest that memories are
changed from a labile to a more fixed state via a protein synthe-
sis-dependent consolidation process (Davis and Squire 1984;
Abel and Lattal 2001; Nader 2003). ERK1/2 activates downstream
transcription factors, ets-like gene-1 (Elk-1) and cAMP response
binding protein (CREB), which can then lead to transcription of
immediate-early genes (IEGs), including c-Fos (Janknecht et al.

1993; Mayr et al. 2001). Therefore, we examined the changes in
c-Fos expression levels in the PFC following exposure to the
novel objects (Fig. 6). A marked increase in the numbers of c-Fos-
positive cells was observed in the PFC of mice exposed to the
novel objects (P < 0.05; Fig. 6B,C), and the novelty-induced in-
crease in the numbers of c-Fos-positive cells was completely
blocked by pretreatment with a selective dopamine D1 antago-
nist SCH23390 (F(2,13) = 68.151, P < 0.01 by ANOVA, P < 0.01 by
post-hoc comparison; Fig. 6D).

To investigate whether protein synthesis is necessary for
consolidation of object recognition memory, anisomycin (50 µg/
side) was microinjected bilaterally into the PFC before the train-
ing session. In the training session, pretreatment with anisomy-
cin did not affect the exploratory preference for the objects or the
total exploration time (Fig. 7A,B, respectively). Moreover, the
anisomycin-treated mice showed the same level of exploratory
preference for a novel object as did the vehicle-treated animals in
the retention session which was carried out 1 h after the training
session (Fig. 7A). However, when memory retention was tested
24 h after the training session, the level of exploratory preference
for a novel object in the anisomycin-treated mice was signifi-
cantly decreased compared to that in the vehicle-treated mice
(F(3,34) = 5.591, P < 0.01 by ANOVA, P < 0.01 by post-hoc com-
parison; Fig. 7A). These results suggest that de novo protein syn-
thesis is involved in long-term, but not short-term, recognition
memory retention.

Discussion
In the course of studying the mechanism underlying the endur-
ing memory impairment induced by repeated METH treatment,

Figure 5. Dopamine D1 receptor agonist-induced ERK1/2 phosphory-
lation in the PFC of mice in vivo (A) and in cortical neurons in vitro (B–D).
(A) Mice were killed 30 min after the treatment with SKF38393 (5 or 10
mg/kg, i.p.) (n = 9). (B) Primary cultured cortical neurons (8–10 DIV)
were treated with increasing concentrations of SKF38393 (1–1000 nM)
for 30 min (n = 6). (C) Effect of a D1 receptor antagonist SCH23390 on
SKF38393-induced ERK1/2 phosphorylation in cultured neurons. (D) Ef-
fect of a MEK inhibitor SL327 on SKF38393-induced ERK1/2 phosphory-
lation in cultured neurons. SCH23390 and SL327 were added to the
culture 15 min prior to SKF38393 (50 nM) treatment (n = 8 for control
and SKF38393, n = 7 for SCH23390 and SL327). Values indicate the
mean � SE. ANOVA analysis: F(2,24) = 5.188, P < 0.05 for A;
F(4,25) = 14.024, P < 0.01 for B; F(3,26) = 20.277, P < 0.01 for C;
F(3,26) = 15.748, P < 0.01 for D. **P < 0.01 compared to vehicle-treated
group. #P < 0.05, ##P < 0.01 compared to SKF38393-treated group.

Figure 6. Changes in c-Fos expression in the PFC of mice exposed to
novel objects. Mice were killed 2 h after a 10-min exposure to novel
objects (Exposure). Control mice were not exposed to novel objects
(Control). (A) Diagrammatic representation of the area examined for c-
Fos immunostaining. (B) Representative photomicrographs of c-Fos im-
munostaining. Scale bar, 100 µm. (C) Quantification of the changes in
the number of c-Fos-positive cells in the PFC (n = 4). (D) Effects of
SCH23390 on c-Fos expression in the PFC of mice exposed to novel
objects. Saline or SCH23390 (0.05 mg/kg, i.p.) was administered 30 min
before training session (n = 5 for control group, n = 4 for saline-treated
exposure group, n = 7 for SCH23390-treated exposure group). Values
represent the mean � SE. ANOVA analysis: F(2,13) = 68.151, P < 0.01 for
D. *P < 0.05 and **P < 0.01 compared to control group. ##P < 0.01 com-
pared to saline-treated exposure group.
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we observed that ERK1/2 in the PFC was hyperphosphorylated
when mice were exposed to novel objects and that pharmaco-
logical inhibition of ERK1/2 by the microinjection of PD98059, a
MEK inhibitor, into the PFC resulted in cognitive impairment
(Kamei et al. 2006). Consistent with these observations, we dem-
onstrated in the present study that exposure of mice to novel
objects caused a transient increase in phosphorylated ERK1/2 lev-
els and that the inhibition by SL327 of the novelty-induced tran-
sient activation of ERK1/2 in the PFC was associated with an
impairment of long-term retention of object recognition
memory although short-term memory was not affected by the
inhibitor. These results are consistent with several other reports
showing that activation of the ERK1/2 signaling cascade is nec-
essary for consolidation of different forms of long-term memory
(Brambilla et al. 1997; Atkins et al. 1998; Berman et al. 1998;
Blum et al. 1999; Selcher et al. 1999; Walz et al. 1999, 2000;
Kelleher et al. 2004). Accordingly, it is suggested that activation
of ERK1/2 in the PFC is necessary for long-term retention, but not
the acquisition (learning) or short-term retention, of object rec-
ognition memory.

It has been reported that phosphorylation of ERK1/2 is in-
creased in the dentate gyrus of the hippocampus and entorhinal
cortex of rats exposed to a novel object (Kelly et al. 2003). Al-
though we failed to detect significant changes in the level of
phosphorylated ERK1/2 in the hippocampus immediately after
the exposure to novel objects in this study, microinjections of
the MEK inhibitor PD98059 into the hippocampus impaired rec-
ognition memory. The reason for the discrepancy between our
results and those of Kelly et al. (2003) is not clear, but may be due
to the differences in species used (mouse vs. rat, respectively) or
brain regions measured in each experiment (whole vs. subfield,
respectively). Alternatively, our results may be supported by re-
cent reports that cortical regions have a more critical role in the
recognition of novel objects than does the hippocampus
(Mumby 2001; Gilbert and Kesner 2003).

ERK1/2-linked signaling pathways are stimulated by recep-
tor tyrosine kinases (Cobb and Goldsmith 1995) and G protein-
coupled receptors (Post and Brown 1996). It is known that
ERK1/2 is critically linked to dopamine D1 receptors which
couple with Gs protein (Valjent et al. 2000; Zanassi et al. 2001).
Several second messengers could be responsible for the link be-

tween dopamine D1 receptors and ERK1/2. Namely, cAMP, the
first second messenger to be recognized as a modulator of ERK1/
2’s phosphorylation, induces the phosphorylation of ERK1/2 via
the small Ras-related G protein Rap1, which is activated by pro-
tein kinase A and interacts with the B Raf isoform (Vossler et al.
1997; Zanassi et al. 2001; Belcheva and Coscia 2002). In the
present study, we found that a dopamine D1 receptor agonist
promoted phosphorylation of ERK1/2 in the PFC of mice in vivo
and in primary cultured cortical neurons in vitro. The results are
consistent with previous reports that stimulating dopamine D1
receptors activates ERK1/2 signaling (Valjent et al. 2000, 2004;
Chen et al. 2004).

Dopamine plays a critical role in cognitive function. For
instance, the amount of dopamine released in the PFC increases
in a phasic manner during both the acquisition and retrieval
phases of the delayed response task, and the release is negatively
correlated with the number of errors committed during memory
retrieval (Phillips et al. 2004). Targeted deletion of dopamine D1
receptors impairs spatial learning without visual or motor im-
pairment (El-Ghundi et al. 1999). Dopamine D1 receptor antago-
nist SCH23390, but not dopamine D2/D3 receptor antagonist
eticlopride, blocks novelty-induced place preference (Besheer et
al. 1999). Infusions of the dopamine D1 receptor antagonist
SCH23390 or SCH39166 into the PFC of monkeys (Sawaguchi
and Goldman-Rakic 1991, 1994) or rats (Seamans et al. 1998)
produce a delay-related impairment in spatial working memory
performance, whereas comparable infusions of dopamine D2 re-
ceptor antagonists show no effect. In the present study, we dem-
onstrated that microinjection of a dopamine D1, but not D2,
antagonist into the PFC impaired recognition memory 24 h after
the training, without affecting short-term memory tested 1 h
after the training, which is consistent with a previous observa-
tion that systemic administration of SCH23390 or eticlopride has
no effect on recognition memory 1 h after the training (Besheer
et al. 1999). Therefore, it is suggested that stimulating dopamine
D1 receptors in the PFC is necessary for the long-term retention
of recognition memory.

Novelty-induced, dopamine D1 receptor-mediated c-Fos ex-
pression was observed in the PFC of mice, and microinjection of
the translational inhibitor anisomycin into the PFC impaired
memory retention 24 h after the training in the novel object
recognition test without affecting short-term memory tested 1 h
after the training. Molecular mechanisms of recognition memory
and protein synthesis in the PFC remain to be determined. Acti-
vation of the ERK1/2 pathway leads to the phosphorylation of
transcriptional regulators such as CREB and Elk-1, and thus gene
expression, suggesting a critical role for the ERK signaling path-
way in synaptic and neuronal plasticity (Valjent et al. 2001;
Miller and Marshall 2005). Recently, Kelleher et al. (2004) have
demonstrated that inhibition of ERK1/2 blocks neuronal activity-
induced translation as well as phosphorylation of the translation
factors eIF4E and 4EBP1, and ribosomal protein S6. Taken to-
gether, these finding suggest that the novelty-induced stimula-
tion of dopamine D1 receptors induces protein synthesis through
the ERK1/2 signaling pathway in the PFC, which is involved in
the consolidation of a labile recognition memory to a more fixed
one in mice.

Whereas we demonstrated that activation of ERK1/2 follow-
ing the stimulation of dopamine D1 receptors is necessary for the
protein synthesis-dependent long-term retention of recognition
memory, other studies have shown the involvement of NMDA
receptors. For instance, microinjection of an NMDA receptor an-
tagonist, D,L-2-amino-5-phosphonovaleric acid, into the ventro-
medial PFC results in an impairment of long-term, but not short-
term, recognition memory (Akirav and Maroun 2006). Since
NMDA receptor stimulation is known to activate ERK1/2 signal-

Figure 7. Effects of bilateral intra-PFC injections of a protein synthesis
inhibitor anisomycin on performance in the novel object recognition test.
(A) Exploratory preference. (B) Total exploration time. Anisomycin (50
µg/0.5 µL/side) was microinjected bilaterally into the PFC of mice 30 min
before the training session. The retention session was carried out either 1
h (n = 8 for vehicle-treated group, n = 7 for anisomycin-treated group) or
24 h (n = 12 for vehicle-treated group, n = 11 for anisomycin-treated
group) after the training session. Values indicate the mean � SE. ANOVA
analysis: F(3,34) = 5.591, P < 0.01 for A. **P < 0.01 compared to vehicle-
treated group.
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ing (Chandler et al. 2001), the mutual regulation by dopamine
D1 and NMDA receptors of ERK1/2 signaling in the PFC may play
a role in long-term recognition memory.

The standard model of memory consolidation posits that
memory is initially stored in the hippocampus and overtime is
slowly transferred to the neocortex (McClelland et al. 1995).
However, recent experimental findings indicate that, in addition
to the hippocampus, long-term memory is stored in the neocor-
tex at the time of training (Runyan et al. 2004). Our findings
suggest that ERK-mediated synaptic plasticity in the hippocam-
pus and PFC is required for memory storage, and are consistent
with a theoretical model (the C theory) proposed by Dash et al.
(2004) that long-term memory storage takes place both in the
hippocampus and in the neocortex at the time of training.

In conclusion, we demonstrated that phosphorylation of
ERK1/2 was transiently increased in the PFC immediately after
exposure to novel objects in the training session of the novel
object recognition test. Inhibition of ERK1/2 phosphorylation
impaired long-term, but not short-term, recognition memory.
Dopamine D1 receptor-dependent phosphorylation of ERK1/2
was observed in the PFC and cortical neurons. Blockage of dopa-
mine D1, but not D2, receptors in the PFC impaired the long-
term recognition memory without affecting short-term memory.
Furthermore, c-Fos protein expression was increased in the PFC
after exposure to novel objects. Inhibition of protein synthesis in
the PFC impaired long-term, but not short-term, recognition
memory. These results suggest that the activation of ERK1/2 fol-
lowing stimulation of dopamine D1 receptors in the PFC is nec-
essary for the protein synthesis-dependent long-term retention
of recognition memory.

Materials and Methods

Animals
Male ICR mice (7 wk old) were obtained from Japan SLC Inc. All
animal care and use were in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use
Committee of Kanazawa University with an effort to minimize
the number of animals used and their suffering.

Drugs
The following drugs were used in this study: anisomycin,
PD98059, SKF38393, and S-(�)-raclopride L(+)-tatrate from
Sigma and SCH23390 hydrochloride from TOCRIS. SL327 was
kindly provided by DuPont Pharmaceutical Company.
SKF38393, SCH23390, and raclopride were dissolved in saline.
Anisomycin was dissolved in a minimal volume of 3 M HCl and
the solution was adjusted to pH 7.2 and brought to a concentra-
tion of 100 mg/mL by addition of 3 M NaOH (Quevedo et al.
2004). PD98058 and SL327 were dissolved in dimethylsulfoxide
(Einat et al. 2003; Kamei et al. 2006).

SKF38393 was administered 30 min before decapitation in a
volume of 0.1 mL/10 g body weight. SL327 was administered 60
min before the training session for the novel object recognition
test in a volume of 0.02 mL/10 g body weight. For microinjection
into the PFC or hippocampus, a 28-gauge injection cannula
(Eicom) cut to extend 1.0 mm beyond a guide cannula was in-
serted through a guide cannula. PD98059 (2 µg/1.0 µL/side),
SCH23390 (1 µg/0.5 µL/side), raclopride (5 µg/0.5 µL/side), or
anisomycin (50 µg/0.5 µL/side) was injected bilaterally over a
5-min period, 20, 15, 15, and 30 min, respectively, before the
training session in the novel object recognition test.

Surgery
Under anesthesia (pentobarbital 50 mg/kg, i.p.), mice were
placed in a stereotaxic apparatus and bilaterally implanted with
the guide cannula (11.6 mm, 0.4 mm in inner diameter, 0.5 mm

in outer diameter; Eicom) in the PFC (coordinates: +1.5 mm an-
teroposterior, �0.5 mm mediolateral from the bregma, �1.2
mm dorsoventral from the skull) or hippocampus (coordinates:
�2.2 mm anteroposterior, �2.0 mm mediolateral from the
bregma, �1.2 mm dorsoventral from the skull) according to the
atlas of Franklin and Paxinos (1997). A dummy cannula (0.3 mm
in diameter; Eicom) was left in place throughout the experiment.
Five days after the operation, mice were subjected to the novel
object recognition test.

Novel object recognition test
The novel object recognition test was done according to previ-
ously reported methods (Tang et al. 1999; Nagai et al. 2003). The
experimental apparatus consisted of a Plexiglas open-field box
(30 � 30 � 35 cm high), the floor of which was covered in saw-
dust. The apparatus was located in a sound-attenuated room and
was illuminated with a 20-W bulb.

The procedure for the novel object recognition test con-
sisted of three different sessions: habituation, training, and re-
tention. Each mouse was individually habituated to the box,
with 10 min of exploration in the absence of objects each day for
three consecutive days (habituation session, day 1–3). During the
training session, two different novel objects were symmetrically
fixed to the floor of the box, 8 cm from the walls, and each
animal was allowed to explore in the box for 10 min (day 4). The
objects were constructed from a golf ball, wooden column, and
wall socket, which were different in shape and color but similar
in size. An animal was considered to be exploring the object
when its head was facing the object or it was touching or sniffing
the object. The time spent exploring each object was recorded.
After training, mice were immediately returned to their home
cages. During the retention sessions, the animals were placed
back into the same box 1 or 24 h (day 5) after the training session,
but with one of the familiar objects used during training replaced
by a novel object. The animals were then allowed to explore
freely for 5 min and the time spent exploring each object was
recorded. Throughout the experiments, the objects were used in
a counter-balanced manner in terms of their physical complexity
and emotional neutrality. A preference index, a ratio of the
amount of time spent exploring any one of the two objects
(training session) or the novel object (retention session) over the
total time spent exploring both objects, was used to measure
cognitive function.

Preparation of neuronal cultures
Primary neuronal cultures were prepared from cerebral cortex of
15-d-old embryonic mice as originally described by di Porzio et
al. (1980) with several modifications. Cerebral cortex was dis-
sected from embryonic ICR mice and incubated with Versene
(GIBCO BRL) at room temperature for 12 min. Cells were then
mechanically dissociated with a fire-narrowed Pasteur pipette in
the culture medium, and plated at a density of 1.5 � 105 cells/
cm2 on a 6-well or 24-well dish (IWAKI) in basal Dulbecco’s
Modified Eagle’s Medium (DMEM)/Nutrient Mixture F-12
(DMEM/F-12, GIBCO BRL) supplemented with 10% fetal calf se-
rum (FCS, Dainippon Pharmaceutical Co.), 33 mM glucose, 2
mM glutamine, 100 U/mL penicillin, 100 µg/mL ostreptomycin,
5 mM HEPES, and 0.11% sodium bicarbonate. Prior to use, dishes
were sequentially coated with 20 µg/mL of poly-L-lysine. After 8
h in culture, the culture medium was replaced with basal DMEM/
F-12 containing 5% FCS, 33 mM glucose, 2 mM glutamine, 100 of
U/mL penicillin, 100 µg/mL of streptomycin, 5 mM HEPES,
0.11% sodium bicarbonate, 25 of µg/mL transferrin, 250 ng/mL
of insulin, 0.5 pM �-estradiol, 1.5 nM triiodothyronine, 10 nM
progesterone, 4 ng/mL of sodium seleniate, and 50 µM putres-
cine. Cells were treated with 10 µM cytosine arabinoside (Ara-C)
for 24 h during 2 to 3 d in vitro (DIV). Cultures were kept in
serum-free medium, basal DMEM supplemented with 25.5 mM
glucose, 0.5 mM glutamine, 100 U/mL openicillin, 100 µg/mL
streptomycin, 0.11% sodium bicarbonate, 50 µg/mL transferrin,
500 ng/mL insulin, 1 pM �-estradiol, 3 nM triiodothyronine, 20
nM progesterone, 8 ng/mL sodium seleniate, and 100 µM putres-
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cine after 3 DIV. The culture medium was replaced with freshly
prepared culture medium of the same composition every 3 d.
Cultures were always maintained at 37°C in a 5% CO2/95% air-
humidified incubator.

Cortical neurons cultured for 8–10 DIV were washed with
recording medium containing 129 mM NaCl, 4 mM KCl, 2 mM
CaCl2, 4.2 mM glucose, and 10 mM HEPES (pH 7.4) twice, then
stimulated with SKF38393 for 30 min. SCH23390 or SL327 was
added to the culture 15 min prior to SKF38393. The stimulation
was stopped by washing with ice-cold phosphate-buffered saline
(PBS) and Western blotting analysis was conducted.

Western blotting
We examined whether the activation of ERK1/2 occurred in the
brain of mice that were exposed to the novel objects during the
training. For this experiment, mice were habituated to the test
box in the absence of objects for 3 d (day 1–3), and sacrificed
immediately after a 10-min exposure to the two novel objects in
the training session on day 4. Control mice were placed in the
open field in the absence of objects on day 4. Brains were re-
moved rapidly, and the PFC and hippocampus were dissected out
on an ice-cold plate. Each tissue sample was frozen quickly and
stored in a freezer at �80°C until assayed.

The phosphorylation of ERK1/2 was examined by Western
blotting as described previously (Mizoguchi et al. 2004). Samples
were homogenized at 4°C in a lysis buffer composed of 20 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 1 mM sodium orthovanadate, 0.1% SDS,
1% sodium deoxycholate, 0.5 mM dithiothreitol, 10 mM sodium
pyrophosphate decahydrate, 1 mM phenylmethylsulfonyl fluo-
ride, 10 µg/mL of aprotinin, 10 µg/mL of leupeptin, and 10 µg/
mL of pepstatin. The protein concentration was determined us-
ing a DC Protein Assay Kit (Bio-Rad Laboratories), and 20 µg of
protein was boiled in a sample buffer (0.125 M Tris-HCl at pH.
6.8, 2% SDS, 5% glycerol, 0.002% bromophenol blue, and 5%
2-mercaptoethanol), applied onto a 10% SDS-polyacrylamide gel,
and subsequently transferred to a polyvinylidene difluoride
membrane (Millipore). The membrane was blocked with 3% BSA
in Tris-buffered saline-Tween 20 (TBS-T: 10 mM Tris-HCl at pH.
7.5, 100 mM NaCl, and 1% Tween-20), and incubated with anti-
phospho-ERK1/2 (phospho-p44/42 MAPK [Thr202/Tyr204] [E10]
Monoclonal Antibody) (1:1000, Cell Signaling Technology) at
4°C overnight. After incubation with a horseradish peroxidase-
conjugated anti-mouse IgG (1:2000, KPL) for 1 h, the immune
complex was detected using ECL plus Western blotting detection
reagents (Amersham Biosciences). The intensities of the bands on
the membranes were analyzed by densitometry (ATTO). To cal-
culate the amount of phosphorylated versus total protein, the
same membranes were stripped with a stripping buffer (2% SDS,
100 mM 2-mercaptoethanol, and 62.5 mM Tris-HCl at pH 6.8) at
50°C for 30 min, incubated with anti-ERK1/2 (1:5000, anti-MAP
Kinase 1/2, Upstate Biotechnology), and treated as described
above.

Because there was no change in the levels of total ERK1/2,
values of phosphorylated ERK1/2 were normalized to the values
of total ERK1/2. All the data from Western blotting are expressed
as a percentage of the control.

c-Fos immunohistochemistry
c-Fos immunostaining was performed as described previously
(Takahashi et al. 2006). For this experiment, mice were habitu-
ated to the test box in the absence of objects for 3 d (day 1–3),
and exposed to the two novel objects for 10 min in the training
session on day 4. Control mice were placed in the open field in
the absence of objects on day 4. Because Fos expression was
shown to occur from 1 to 4 h after a single short stimulation
(Herdegen and Leah 1998), animals were deeply anesthetized
with sodium pentobarbital (50 mg/kg) 2 h after the behavioral
test as described above, and transcardially perfused with ice-cold
0.1 M phosphate buffer, followed by 4% paraformaldehyde in 0.1
M phosphate buffer. The brains were removed, post-fixed in the
same fixative for 2 h, and then cryoprotected in 30% sucrose in

0.1 M phosphate buffer. Frozen serial coronal sections (20 µm) of
the entire brain were made and incubated with 10% normal goat
serum and 0.1% Triton X-100 in 0.1 M phosphate buffer, and
then incubated with rabbit anti-c-Fos antibody (1:200, Santa
Cruz Biotechnology) for 24 h at 4°C. They were washed with
phosphate buffer and incubated with biotinylated goat anti-
rabbit antibody (1:200, Vector Laboratories) at room temperature
for 1 h. The sections were washed and processed with avidin-
biotinylated horseradish peroxidase complex (Vector ABC kit,
Vector Laboratories), and the reaction was visualized using di-
aminobenzidine.

Quantitative analysis of c-Fos immunohistochemistry
To quantify the number of c-Fos-positive cells in the brain, we
examined the sections with a light microscope (Zeiss, HB050)
and photographed them with Axio Vision (Zeiss). Three sequen-
tial sections for PFC, located according to the atlas of Franklin
and Paxinos (1997), were examined for counting the c-Fos-
positive cells. In each section, we defined a region of interest
(ROI), the size of which was 360 � 360 µm, using software (Win
Roof, Mitani Corp.). The counting of c-Fos-positive cells was per-
formed by an individual blind to the treatment conditions. The
average of the three determinations was used for statistical analy-
sis.

Statistical analysis
All data were expressed as the mean � SE. Statistical significance
was determined using a one-way analysis of variance (ANOVA),
followed by the Bonferroni test when F ratios were significant
(P < 0.05). The Mann-Whitney U-test was used for two-group
comparisons.
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