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The mitogen-activated protein kinase (MAPK) and cyclic adenosine monophosphate (cAMP) signal transduction pathways have

critical roles in the consolidation of hippocampus-dependent memory. We found that extracellular regulated kinase 1/2 MAPK

phosphorylation and cAMP underwent a circadian oscillation in the hippocampus that was paralleled by changes in Ras activity

and the phosphorylation of MAPK kinase and cAMP response element–binding protein (CREB). The nadir of this activation cycle

corresponded with severe deficits in hippocampus-dependent fear conditioning under both light-dark and free-running conditions.

Circadian oscillations in cAMP and MAPK activity were absent in memory-deficient transgenic mice that lacked Ca21-stimulated

adenylyl cyclases. Furthermore, physiological and pharmacological interference with oscillations in MAPK phosphorylation after

the cellular memory consolidation period impaired the persistence of hippocampus-dependent memory. These data suggest that

the persistence of long-term memories may depend on reactivation of the cAMP/MAPK/CREB transcriptional pathway in the

hippocampus during the circadian cycle.

There is considerable interest in the molecular mechanisms underlying
the persistence of long-term memory (LTM). Several signal transduc-
tion pathways, including the extracellular regulated kinase (Erk)
1/2 MAPK and cAMP signaling pathways are strongly implicated in
memory consolidation (for reviews, see refs. 1–3). Activation of MAPK
is necessary for amygdala- and hippocampus-dependent LTM con-
solidation4–6. In addition, the reconsolidation of some amygdala- and
hippocampus-dependent memories require MAPK activity7,8. It is
hypothesized that MAPK activation may be required for memory
consolidation to stimulate the expression of a family of genes regulated
through the CREB/CRE transcriptional pathway (for reviews, see
refs. 9–11) and that memory consolidation may also depend on
increased translation mediated by MAPK12.

The role of cAMP signaling in LTM has been demonstrated in
numerous species including rodents. For example, the amount of
cAMP in the hippocampus increases following inhibitory avoidance
training in rats, and inhibition of protein kinase A (PKA) activity
substantially impairs consolidation of the task13. The discovery that
Ca2+-activated adenylyl cyclases are required for hippocampus-
dependent LTM14,15 and the observation that PKA is activated in a
subpopulation of CA1 pyramidal neurons following contextual
memory training16 provide evidence that cAMP increases are required
for LTM. Studies showing that genetic reductions in PKA activity
impair memory also support the hypothesis that cAMP signaling is
critical for LTM17–19. Although these studies contribute to an under-
standing of memory, mechanisms for the persistence of LTM have not
been elucidated. Because training-induced activation of cAMP and

MAPK during memory formation is transient and de novo transcrip-
tion and translation result in the synthesis of synaptic proteins with half
lives measured in hours or, at most, weeks, how are LTMs sustained
over months or years?

We considered the possibility that the biochemical pathways under-
lying memory may be reactivated repeatedly to sustain the levels of
protein that are required for the persistence of memory. This general
hypothesis is supported by evidence that repeated rounds of NMDA
receptor synthesis are required for memory consolidation and main-
tenance20. Furthermore, persistence of memory for a one-trial asso-
ciative learning task depends on protein synthesis and brain-derived
neurotrophic factor 12 h after training, suggesting that memory
persistence depends on recurrent rounds of consolidation21. Electro-
physiological evidence supporting this idea comes from a series of
experiments showing that the same sequence of synaptic firing that
occurs during training for a spatial memory task is repeated
during sleep22. Although the process of replay is extremely rapid,
there is evidence that learning creates a homeostatic need for sleep
and that post-training slow-wave sleep episodes improve memory
performance compared with an equivalent post-training period spent
in the waking state23–25.

Evidence from several studies demonstrates that circadian rhythm
affects memory consolidation. Circadian phase-shifting following
training interferes with the retention of the hippocampus-dependent
Morris water maze task26 and also causes retrograde amnesia
for hippocampus-dependent passive avoidance memory27. Further-
more, lesions of the suprachiasmatic nucleus (SCN) decrease
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hippocampus-dependent LTM in rodents28. Aplysia also undergo
circadian oscillations in long-term sensitization29. There are disparate
results regarding the effect of circadian rhythm on hippocampus-
and amygdala-dependent memory tasks, yet there is substantial
evidence that memory consolidation in various species depends
on circadian rhythm26,27,30–35.

We report that MAPK activity and cAMP underwent a circadian
oscillation that is lost in a transgenic mouse strain lacking
Ca2+-stimulated adenylyl cyclases. Furthermore, disruption of the
oscillation in MAPK activity in the hippocampus by subjecting mice
to constant light conditions or by direct pharmacological interference
with oscillations in MAPK activity days after training interfered with
memory persistence. These data suggest that circadian oscillation of
MAPK activity, and not just the presence of activated MAPK in the
hippocampus, may contribute to the persistence of contextual memory.

RESULTS

MAPK activity oscillates during the circadian cycle

To determine whether mice entrained to a 12-h light/12-h dark (L/D)
cycle have oscillations in hippocampal MAPK activity, we maintained
mice under L/D conditions for 10 d and then analyzed them for
phosphorylated MAPK isoforms (pErk1 and pErk2). Hippocampal
tissue was taken from mice every 4 h starting at light onset (zeitgeber
time ¼ 0, ZT0). The mice were killed at ZT16 under red light to avoid
robust, light-induced activation of MAPK in the SCN36. Western blot
analysis showed a pronounced oscillation in MAPK phosphorylation
over the 24-h period (Fig. 1a,b). To determine whether activated Erk
oscillates relative to total Erk protein, we quantified pErk1/2 levels
relative to Erk2 protein. Total Erk2 protein was invariant. Phosphory-
lation of Erk1 and Erk2 was significantly higher at ZT8 compared with
ZT20 (Po 0.001; Fig. 1c). Because normalized pErk1/2 levels were not
substantially different between ZT4 and ZT8, both time points were
used for subsequent experiments. For the same reason, both ZT16 and

ZT20 were used in L/D and free-running experiments as dark-period
time points. We did not observe any circadian oscillations in Erk
activity in cerebellar tissue (Supplementary Fig. 1 online), indicating
either that there was no pErk oscillation in cerebellar neurons or that
there was no synchronized activity in this region.

Immunohistochemistry and immunofluorescence staining of
hippocampal slices was carried out on mice at ZT4 and ZT16 to
determine which regions of the hippocampus show circadian variations
in MAPK activity. We observed prominent 24-h variations in pErk
staining in the pyramidal layer of areas CA1 and CA3 (Fig. 1d,e) but
not in the granule cells of the dentate gyrus (Fig. 1f). Similar patterns in
staining were observed using two immunohistochemical staining
techniques (Fig. 1g and Supplementary Methods online). Quantifica-
tion of cell bodies positive for pErk revealed differences between ZT4
and ZT16 in areas CA1 and CA3, but not in the dentate gyrus (Fig. 1h).

Because circadian variations in MAPK phosphorylation were
observed in the hippocampus, we analyzed hippocampal tissue for
activation of the upstream kinase of MAPK, MAPK kinase (pMEK1/2),
as well as CREB phosphorylation at Ser133. Phosphorylation of CREB
at Ser133 is required for MAPK stimulation of CRE-mediated tran-
scription. Hippocampal lobes taken from mice every 4 h throughout
the circadian cycle were analyzed for MEK1/2 activity using a phospho-
serine 217/221 specific antibody. MEK1/2 activity also showed
significant 24-h variations (Fig. 2a) when normalized to both actin
(pMEK1/2 actin ZT8, 0.68 ± 0.05; ZT20, 0.17 ± 0.01; P o 0.01,
ANOVA) and MEK1 protein (P = 0.016; Fig. 2b). CREB activation,
monitored by changes in phosphorylation at Ser133, was also signifi-
cantly higher during the day than during the night (Supplementary
Fig. 2 online).

To verify that the L/D oscillations in MAPK activity are truly
circadian, we tested whether or not they persisted under free-running
conditions. Mice were entrained to an L/D cycle for 10 d and then
placed in complete darkness (D/D) for 5 d before being analyzed for
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Figure 1 MAPK activity in the hippocampus shows circadian oscillations. Mice maintained on a 12-h light/12-h dark cycle for at least 10 d before

experimentation were killed every 4 h. During the dark cycle, mice were killed under red light. (a) Pooled hippocampal extracts were evaluated by western

blot analysis for pErk1/2 expression. (b) pErk2, normalized to actin, expression in the hippocampus during the 24-h cycle is shown. Error bars represent s.e.m.

(n ¼ 3 mice per time point). (c) pErk1 and pErk2, normalized to total Erk protein, at ZT8 and ZT20. *** P o 0.001, ** P o 0.01, t test. Error bars represent

s.e.m. (n ¼ 5 mice per time point). (d–h) MAPK activity underwent circadian oscillations in hippocampal areas CA1 and CA3. pErk expression is shown in

area CA1 neurons (20�, d), CA3 neurons (20�, e) and granule cells of the dentate gyrus (10�, f). Scale bars represent 125 mm in d,e and 250 mm in f.
3,3¢-diaminobenzidine staining showed an increase in pErk-positive cells in area CA1 at ZT4 compared with ZT16 (g). Quantification of pErk-positive cell

bodies expressed as percent of pErk-positive cells at ZT4 in CA1, CA3 and the dentate gyrus (h). Error bars represent s.e.m. (n ¼ 6–8 mice per time point).
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oscillations in hippocampal MAPK activity. Actograms generated from
monitoring voluntary activity of mice in D/D indicate that C57/BL6
mice have a circadian oscillation of slightly less than 24 h. As expected,
locomotion drifted slightly under free-running conditions; however,
rhythms were maintained (Fig. 2c). On the sixth subjective day in
complete darkness, we removed hippocampal tissue at circadian times
(CT) 0, 4, 8, 12, 16 and 20 and analyzed it for pErk by western blot
(Fig. 2d). SCN lobes were taken from the same mice and pooled for
analysis (data not shown). As previously reported36, MAPK activity in
the SCN showed circadian variations under free-running conditions
(SCN pErk2/Erk CT4, 3.83; CT16, 1.47). Oscillations in MAPK activity
were also maintained in the hippocampus under D/D conditions
(Fig. 2e).

Training and testing at ZT4 results in better memory

Because the MAPK pathway is required for the consolidation of
hippocampus-dependent fear memory, we asked whether there is a
correlation between the oscillations of MAPK activity in the hippo-
campus and memory formation. We analyzed contextual fear memory,
as this task has a well-established dependence on MAPK activa-
tion4,6,37,38. Regardless of zeitgeber time, all contextual fear training
and testing sessions were carried out under dim red light (1–2 lx), (see
Supplementary Methods). The purpose of training under dim light
was to avoid variations in the lighting during contextual training.
Studies using open-field locomotion in a novel environment show
that locomotion it is not dependent on the endogenous circadian
rhythmicity of the mouse, although it varies according to illumination
conditions39. Although light at 1–2 lx spares the SCN of robust MAPK
phosphorylation36, it is sufficient for the maintenance of vision. Mice

placed in a water maze were able to efficiently navigate to a platform
under these dim-light conditions (data not shown).

Mice were entrained to an L/D cycle for 10 d and then trained at ZT4
or ZT16 for contextual fear. Following training, mice were tested at one
of two diurnal times (ZT4 or ZT16) 24, 36 or 48 h after training
(Fig. 3a). Scoring for contextual fear was carried out both manually
and electronically. An investigator that was unaware of the training
time manually scored freezing behavior (Fig. 3b). Mice tested 24 and
48 h following dark-period training showed similar deficits to the mice
tested 36 h after dark training, indicating that enhanced memory in
the ZT4-trained and ZT4-tested group was not merely the result of a
‘time-stamping’ effect. Furthermore, mice that were trained at ZT4 and
tested 48 h later were unimpaired in contextual fear, indicating that
memory decay between 24 and 36 h was not the cause of the deficits
that we observed in the ZT4/ZT16 and ZT16/ZT4 trained and tested
groups. Because deficits in contextual memory occurred during periods
of low hippocampal pErk expression, we also tested the performance of
mice that were trained and tested at an alternative zeitgeber time when
Erk activation is low. Mice trained at ZT0 (starting at ZT23.5) also
had reduced levels of freezing compared with mice trained at ZT4,
underscoring the relationship between high levels of hippocampal pErk
expression and efficient consolidation of hippocampus-dependent
memory (Fig. 3c).
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Figure 2 Oscillations in the MAPK pathway occur upstream of MAPK and show oscillations that are free running.

(a) pMEK1/2 protein expression in hippocampal tissue during the circadian cycle. (b) Quantification of pMEK1/2 at ZT8

and ZT20, normalized to MEK1 protein expression. * P ¼ 0.016, Mann Whitney. Error bars represent s.e.m. (n ¼ 5 mice

per time point). (c) Actograms of voluntary mouse movement during D/D (free-running) conditions show a circadian

oscillation of approximately 23.3 h. (d) pErk1/2 expression in the hippocampus oscillates even when mice are in free-

running conditions. (e) pErk2 expression, normalized to total Erk protein, in the hippocampus during D/D conditions.

* P o 0.05, Mann Whitney. Error bars represent s.e.m. (n ¼ 4–5 mice per time point).
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Figure 3 Contextual fear memory formation is dependent on zeitgeber time.

(a) Mice were trained for contextual fear conditioning at either ZT4 or ZT16

and tested 24, 36 or 48 h later. Six mouse groups were used: those trained

at ZT4 and tested 24 h later at ZT4 (4:4 (24)), those trained at ZT16 and

tested 24 h later at ZT16 (16:16 (24)), those trained at ZT4 and tested

36 h later at ZT16 (4:16 (36)), those trained at ZT16 and tested 36 h later

at ZT4 (16:4 (36)), and those groups trained at ZT4 or ZT16 and tested
48 h later (4:4 (48); 16:16 (48)). (b) Mice were tested for freezing behavior.

*** P o 0.001, ** P o 0.01, ANOVA, Bonferroni’s multiple comparison test

for post hoc analysis. Error bars represent s.e.m. (n ¼ 10–18 mice per

group). (c) Freezing percentage of mice trained at ZT4 or ZT0 and tested

24 h after training. * P o 0.015, Mann Whitney. Error bars represent

s.e.m. (n ¼ 6 mice per time point).
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To test for differences in the baseline movement patterns of mice
trained at ZT4 versus mice trained at ZT16, we measured movement
patterns of the mice before shock delivery (Supplementary Fig. 3
online). Day- and night-trained mice showed no differences in move-
ment. Although nocturnal mice are generally less active during the day,
this was obviously overcome by the novelty of the chamber.

Deficits in contextual fear are maintained in D/D conditions

As oscillations in phosphorylated MAPK persisted during free-running
conditions, we suspected that deficits in contextual memory might also
occur under free-running conditions when mice were trained during
the subjective night. Indeed, we observed severe deficits when mice
were trained and tested during the subjective night compared with
those trained and tested during the subjective day. The movement
times of CT16-trained mice during training and testing sessions were
similar (Fig. 4a,b), indicating that this group of mice did not attain
robust context-dependent learning. The manual scoring of freezing
percentage during testing was reflective of the computer scoring; mice
that were trained at CT4 had a significant increase in testing freezing
percentage over those trained at CT16 (P ¼ 0.018; Fig. 4c). As in
L/D conditions, baseline movements of the mice in the novel context
during free-running conditions were equivalent at the two circadian
times (data not shown).

To decipher whether the behavioral deficits were attributable to
insufficient memory acquisition or impaired consolidation, we tested
whether mice could acquire and express contextual fear behavior
during both the day and night. L/D-entrained mice were trained for
contextual fear at ZT8 or ZT20 under 1–2 lx red light and tested 1 h
after training for short-term contextual memory. Mice trained during
the day showed strong contextual memory (Fig. 4d). Mice trained
during the dark period were also able to acquire contextual memory
(Fig. 4e). Both groups of mice had an increase in freezing percentage
compared with the training session that was reflected as a decrease in
movement time (movement time: ZT8 training, 54.24 ± 1.31; ZT8
testing, 40.15 ± 2.53; P o 0.001, Mann Whitney, error bars represent
s.e.m; ZT20 training, 54.39 ± 1.37; ZT20 testing, 32.87 ± 3.64;
P ¼ 0.016, Mann Whitney, error bars represent s.e.m.). This indicates
that mice can acquire and retrieve short-term contextual memories
regardless of zeitgeber time.

Hippocampal cAMP is elevated during the day

Because of the relationship between cAMP and MAPK signaling in
neurons following training for contextual memory16, we measured the

amount of cAMP in the hippocampus of wild-type mice throughout
the L/D cycle. Hippocampal cAMP was higher during the day than
at night (cAMP in pmol per mg of protein; ZT0, 28.56 ± 1.82; ZT4,
34.12 ± 3.44; ZT8, 34.64 ± 9.32; ZT12, 24.20 ± 1.96; ZT16, 20.52 ± 1.83;
ZT20, 18.46 ± 1.00; Fig. 5a). The decrease in cAMP at ZT20, compared
with ZT8, was averaged from independent experiments using different
sets of mice (Fig. 5b).

Absolute values of cAMP levels in wild-type mice and mice lacking
Adcy1 and Adcy8 (AC1 and AC8, respectively; DKO mice) were lower,
on average, in DKO mice at ZT8 compared with wild-type mice (cAMP
in pmol per mg of protein; wild type ZT8. 40.27 ± 5.625; DKO ZT8.
28.38 ± 5.33). This decrease is probably the result of the absence of the
calcium-sensitive adenylyl cyclases, although several other adenylyl
cyclases are expressed in the hippocampus. cAMP levels at ZT20
were similar between wild-type and DKO mice (cAMP in pmol per
mg of protein; wild type ZT20, 24.18 ± 5.72; DKO ZT20, 22.89 ± 5.46).

AC1 and AC8 are required for oscillations in MAPK activity

Calmodulin-stimulated adenylyl cyclase activity is required for LTM,
but for not short-term memory15. To determine whether the circadian
oscillations in cAMP and MAPK activity depend on AC1 and AC8, we
analyzed DKO mice for MAPK and cAMP activity in the hippocampus
at ZT8 and ZT20 (Fig. 6a). DKO mice showed normal circadian
rhythm under both L/D and D/D conditions and readily entrained to
changes in the lighting cycle (Supplementary Fig. 4 online). MAPK
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Figure 4 Contextual fear memory is impaired when mice are trained during the subjective night. Mice were maintained in constant darkness for 6 d before
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Mann Whitney. Error bars represent s.e.m. (n ¼ 10 mice per group). (d) Freezing percentage of mice trained during the light period and tested 1 h later for

short-term memory (ZT8). *** P r 0.0001, Mann Whitney. Error bars represent s.e.m. (n ¼ 10). (e) Freezing percentage of mice trained during the dark cycle

and tested 1 h later (ZT20). ** P o 0.01, Mann Whitney. Error bars represent s.e.m. (n ¼ 5).
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activity in the hippocampus of DKO mice did not change during the
circadian cycle (Fig. 6a,b). In fact, the basal levels were elevated
somewhat compared with wild-type mice. There was also no variation
in cAMP in the hippocampus of these mice (Fig. 6c). These data
indicate that the oscillations in MAPK and cAMP in the hippocampus
depend on Ca2+-stimulated adenylyl cyclase activity.

Because previously published memory deficits in DKO mice were
determined using different training conditions, we tested whether DKO
mice had contextual memory deficits when trained at different zeitge-
ber times under dim red light. DKO mice had severe deficits in
contextual fear memory when tested 24 h after training at both ZT4
and ZT16 (Fig. 6d).

Adenylyl cyclase and Ras activities rise during the day

To determine whether changes in adenylyl cyclase activity contribute to
oscillations in cAMP, we measured Ca2+-stimulated adenylyl cyclase
activity in the hippocampus of wild-type mice at ZT8 and ZT20
(Supplementary Methods). Indeed, Ca2+-stimulated adenylyl cyclase
activity was higher at ZT8 compared with ZT20 (Fig. 7a). Ca2+-
stimulated adenylyl cyclase activity at ZT20 averaged 86.27 ± 3.51%
of that at ZT8 over several independent experiments (P ¼ 0.017, t test;
Fig. 7b). This data supports the hypothesis that the circadian oscillation

of cAMP in the hippocampus is the result of Ca2+-stimulated adenylyl
cyclase activity. That oscillations may depend on circadian variations in
adenylyl cyclase activity is consistent with the observation that cAMP
oscillations in the hippocampus are lost in DKO mice.

As cAMP can stimulate MAPK through Ras, we measured Ras
activity in the hippocampus of wild-type mice every 4 h during the
L/D zeitgeber cycle. Using the Raf-1 Ras-binding domain (RBD), we
isolated active GTP-bound Ras from hippocampal preparations
(Fig. 7c). RBD-bound Ras protein was analyzed by western blot
using a pan-Ras antibody that detects N-, K- and H-Ras proteins.
Ras activity was greater during the day than at night (Fig. 7d,e).
Because Ras showed a circadian variation coincident with cAMP and
MAPK activity, we conclude that the oscillation of MAPK activity may
be driven by cAMP stimulation of Ras activity.

Disruption of pErk oscillations impairs memory persistence

As exposure to constant light impairs circadian rhythms, we wondered
whether L/L conditions would be sufficient to uncouple oscilla-
tions in hippocampal MAPK phosphorylation. The advantage of this
approach over using an SCN lesion is that it maintains neuronal
connectivity while still disturbing rhythms in both locomotion and
gene expression in the SCN40,41. We observed that exposure of mice to
L/L conditions (approximately 300 lx) for several days resulted in severe
disruptions in locomotion rhythms. The t of each mouse monitored for
locomotion increased by an average of 1.11 h d–1, resulting in a
substantial shift of locomotion rhythms while in L/L conditions,
following Aschoff’s rule42. We found that exposure to constant light
was sufficient to disrupt pErk oscillations in the hippocampus,
underscoring the notion that hippocampal pErk oscillations are under
tight circadian control (Supplementary Fig. 5 online). We used L/L
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Figure 6 DKO mice do not have diurnal oscillations in pErk activity or

cAMP in the hippocampus and are deficient in long-term contextual memory.

(a) pErk1/2, actin and total Erk proteins in pooled wild-type (WT) and DKO

hippocampal tissue taken at ZT8 or ZT20. (b) Quantification of pErk relative

to Erk expression in DKO mice. P ¼ 0.6600, t test. Error bars represent

s.e.m. (n ¼ 10 for each genotype, 5 per time point). (c) Quantification of

the fold change in cAMP accumulation in DKO hippocampus at ZT8 and

ZT20. P ¼ 0.13, t test. Error bars represent s.e.m. (error derived from four
experiments, three hippocampal lobes pooled per time point per experiment).

N.S., not significant. (d) Freezing percentage of DKO mice trained at ZT4 or

ZT16 and tested 24 h later compared with wild-type mice trained and tested

at ZT4. ** P o 0.01, ANOVA, Bonferroni’s multiple comparison test for post

hoc analysis. Error bars represent s.e.m. (n ¼ 6–8 mice per group).
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conditions to test whether disruptions in circadian oscillations inter-
fered with hippocampus-dependent memory persistence. Mice were
exposed to L/L or maintained in L/D for 10 d following training for
context, but were then allowed to re-entrain to the L/D cycle. Exposure
to L/L conditions after training for contextual fear resulted in a decrease
in contextual memory persistence (Supplementary Fig. 6 online).

We also tested whether pharmacological interference of MAPK
oscillations affected memory persistence. Mice trained for contextual
fear were bilaterally infused with vehicle or the MEK1/2 inhibitor
UO126 at ZT0 and ZT4, starting 44 h post-training and persisting for
an entire week. The week of infusions was followed by a 1-week
recovery period (Fig. 8a). Hippocampal tissue surrounding the can-
nulae sites of UO126-infused mice showed a decrease in hippocampal
pErk at ZT8 following two injections with UO126 compared with
vehicle-infused hippocampi (Fig. 8b,c). UO126-infused mice tested
1 week after infusions had deficits in contextual fear compared with
vehicle-infused mice (Fig. 8d). The freezing levels in both groups
showed higher deviation from the mean compared with contextual fear
experiments in which few or no injections were given, perhaps as a
result of stress that repeated infusions might cause the mice during this
circadian time. To address this deviation, mice were divided into
two groups on the basis of freezing percentage. Mice that showed
Z25% freezing (a percentage exceeding that permitted for training
levels) were considered to be moderate-to-strong learners. When
compared with UO126-infused mice, vehicle-infused mice had a
significantly higher percentage of moderate-to-strong learners (vehicle
versus UO125: 53.8% to 6.3% and 7 out of 13 versus 1 out of 16,
respectively; P¼ 0.0097, Fisher’s exact test; Fig. 8e). We considered the
possibility that infusions of UO126 during the day might, in effect,
cause a lesion of the hippocampus, and thereby render the ability to
retain contextual fear impossible. To control for normal hippocampal
function, we trained mice in the hippocampus-dependent passive
avoidance task and tested them 24 h later. Vehicle- and UO126-treated

mice were able to learn the task and had comparable training and
testing step-through latencies when given the opportunity to traverse
to the dark side (Supplementary Fig. 7 online).

Although daytime infusions test the dependence of memory persis-
tence on peak levels of pErk in the hippocampus, we tested whether
UO126 affected memory persistence when administered at the trough of
MAPK activity in the hippocampus (Fig. 8f). Mice were trained for
contextual fear and then infused with vehicle or UO126 at ZT12 and
ZT16 for seven consecutive nights, starting 36 h after training. Following
infusions, mice were given a 1-week recovery period and then tested for
contextual fear at ZT4. Memory was not impaired in mice exposed to
UO126 at ZT12 and ZT16 compared to vehicle-infused mice (Fig. 8g).
Notably, the freezing percentages of night-infused mice were consider-
ably higher across all groups (compare vehicle in Fig. 8d,g). Whether
diurnal stress hormone release, interruption in sleep or some other
physiological activity induced this circadian effect of infusions remains
unclear. Hippocampal tissue surrounding the cannulae sites of mice
infused with UO126 at ZT12 did not show a further reduction in pErk
protein 1 h after infusion compared with the baseline pErk protein
already present at the circadian nadir in vehicle-infused control mice
(Supplementary Fig. 8 online).

Finally, we tested whether increases in cAMP signaling at night, the
typical nadir in MAPK activity, interfered with memory persistence.
Mice infused 36 h after training with forskolin at both ZT12 and ZT16
for seven consecutive nights had impaired memory for contextual fear
(Supplementary Fig. 9 online), suggesting that it is the oscillation of
the cAMP/MAPK pathway that is required for normal persistence and
not merely the presence of diurnal MAPK activity.

DISCUSSION

Hippocampal MAPK signaling shows circadian oscillations

Recently, there has been renewed interest in circadian influences on
synaptic plasticity. The objective of our study was to determine whether
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Figure 8 Infusion of MEK inhibitors into the hippocampus during the circadian peak, but not during the trough of MAPK activation impairs LTM. (a) Mice

trained for contextual fear were infused with vehicle (Veh) or UO126 (UO) at ZT0 and ZT4, starting 2 d after training and lasting for an entire week thereafter.

(b,c) UO126 administration during the day reduced pErk in the hippocampal areas infused compared with vehicle-infused controls. * P ¼ 0.0159, Mann

Whitney. Error bars represent s.e.m. (n ¼ 5). (d) UO mice (n ¼ 16) had reduced freezing during testing compared with the Veh group (n ¼ 13). * P o 0.05,

t test. Error bars represent s.e.m. (e) The percentage of weak and nonlearners between Veh and UO groups was compared by Fisher’s exact test (P o 0.01).

(f) Mice trained for contextual fear conditioning were infused with vehicle or UO126 at ZT12 and ZT16 starting 36 h after training and lasting for an entire

week thereafter. (g) UO mice (n ¼ 8) had normal freezing during testing compared to the Veh group (n ¼ 9). P ¼ 0.669, t test. Error bars represent s.e.m.
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cAMP or MAPK activity in the hippocampus undergoes circadian
oscillations. We discovered that MAPK activity peaks during the day,
which is usually the inactive period for these mice. Furthermore,
oscillations in MAPK activity are circadian and persist under free-
running conditions. Our data also show that MEK activity, as well as
CREB phosphorylation, have similar circadian oscillations.

Hippocampal oscillations in MAPK activity are coincident with
oscillations in cAMP and Ras activity in the hippocampus, suggesting
that changes in cAMP may regulate MAPK activity during the circadian
cycle. Although cAMP can impinge on MAPK phosphorylation
through Ras or Rap signaling, the coincident Ras activation suggests
that cAMP activation of MAPK may be mediated through a Ras
guanine nucleotide exchange factor (Epac)-mediated Ras activation43.
Notably, oscillations in MAPK activity and cAMP are lost in mice that
lack calmodulin-stimulated adenylyl cyclase activity, suggesting that
cAMP signals generated by these enzymes may regulate the circadian
oscillation of MAPK activity.

The nadir in MAPK phosphorylation during the circadian cycle
coincides with severe deficits in contextual fear memory processing.
Short-term memory testing indicated that mice were able to acquire
and express contextual fear conditioning at both peak and trough
periods of hippocampal MAPK activity, suggesting that the consolida-
tion process is deficient in mice trained during the night or subjective
night. Unlike LTM formation, short-term memory formation does not
depend on MAPK activity. Consequently, we hypothesize that the low
levels of MAPK activity in the hippocampus during the dark period
may impair memory consolidation and stabilization.

Ablation of MAPK rhythms impairs memory persistence

Our data demonstrate that ablation of hippocampal pErk oscillations
by deletion of the calcium-sensitive adenylyl cyclases, exposure to
constant light or pharmacological interference all result in deficits in
contextual memory formation and persistence. DKO mice had deficits
in context memory persistence at 8 d as well as deficits in passive
avoidance training at 24 h15. Furthermore, although wild-type mice
maintained in L/D conditions had strong contextual fear memory even
at 2 weeks after fear training, mice with L/L-induced disruptions in
hippocampal pErk expression showed impairments in memory persis-
tence. Blocking diurnal phosphorylation of MAPK in vivo by UO126
demonstrated that a reduction in the peak of MAPK activity impairs
memory persistence. Conversely, the activation of the MAPK pathway
during the endogenous nadir by infusions of forskolin also impaired
memory persistence, whereas UO126 had no effect on memory when
administered at night. Notably, although MAPK phosphorylation was
indeed present in the hippocampi of DKO and L/L-exposed wild-type
mice, it appears to be completely uncoupled from circadian regulation.
That this state interferes with memory persistence, as does direct
pharmacological inhibition of MAPK activity at its peak or upregula-
tion of MAPK phosphorylation at its trough, leads us to conclude that
the oscillations, not merely the presence of phosphorylated MAPK, are
required for normal memory maintenance.

It has yet to be determined whether the expression of clock genes
contributes to the maintenance of pErk oscillations in the hippocam-
pus. We found robust levels of both Per1 and Clock expression in areas
CA1, CA3 and the dentate gyrus of the hippocampus (data not shown),
but how these clock genes may relate to hippocampal synaptic plasticity
or memory persistence is still unknown.

Physiological implications of MAPK pathway oscillations

Oscillations of MAPK activity in the hippocampus may affect a
number of physiological processes, as MAPK regulates transcription,

translation, ion channel activity and neuronal survival (for reviews, see
refs. 2,44,45). Because of its central role in memory consolidation, we
hypothesize that oscillations of MAPK in the hippocampus may
contribute to the persistence of hippocampus-dependent memories.
For example, repeated rounds of MAPK activation may stimulate
multiple cycles of transcription and translation necessary for memory
stabilization and persistence. Perhaps renewed synaptic strength,
mediated by repeated rounds of circadian-controlled MAPK activation,
is one method by which ‘tagged synapses’ maintain a potentiated state.
In freely behaving rodents, NMDA receptor turnover is approximately
5 d46. That de novo protein synthesis is required for memory main-
tenance is supported by the fact that temporary inhibition of the
NMDA receptor subunit NR1 expression, even months after training,
causes disruption of remote memory maintenance20.

Although our data demonstrate that these oscillations are circadian
in nature, we have not controlled for the influence of circadian activities
such as sleep. Notably, many studies suggest that post-training memory
processing during sleep or quiet wake is important for the consolida-
tion and integrity of hippocampal long-term memories22,25,47–50;
however, the molecular mechanisms for this apparent stabilization
are still unclear.

In conclusion, the cAMP/MAPK/CREB signaling pathway under-
goes circadian oscillations in the hippocampus that correlate with the
ability of mice to consolidate and maintain contextual memory. This is
consistent with the hypothesis that reactivation of this signaling path-
way may be important for the persistence of contextual memories.

METHODS
Mice. Adult, male C57BL/6 mice were used for most experiments (see

Supplementary Methods for additional information). Experiments were

carried out in accordance with the Institutional Animal Care and Use

Committee’s recommendations at the University of Washington.

Circadian time courses. Mice were housed in a 12-h light/12-h dark cycle for

at least 10 d before time courses. For oscillation experiments, mice were killed

every 4 h during one 24-h period. In dark lighting conditions mice were killed

under 1–2 lx, provided by a Kodak GBX-2 red light with a safelight filter. Lux

was measured with a light meter (VWR).

Western blot analysis. Isolated tissue was flash frozen in liquid nitrogen and

then homogenized twice in homogenization buffer (10 mM Tris base, pH 7.5,

100 mM NaCl, 1 mM EDTA, 10 mM NaF, 1mM Na3VO4, 1mM PMSF, and a

protease inhibitor tablet containing a mixture of pancreas extract and inhibitors

of papain, trypsin, chymotrypsin and thermolysin (Roche)) for 10 s with a 60-s

interval on ice. An equal volume of boiling 6� SDS load dye (300 mM Tris

HCl, pH 6.8, 6% b-mercaptoethanol, 12% SDS, 0.6% bromophenol blue (wt/

vol), 60% (vol/vol) glycerol, and 12 mM EDTA) was added to homogenates

and the solutions were boiled for 5 min. Samples were loaded onto a 12.5%

Tris-HCl (vol/vol) polyacrylamide gel (13.3 cm � 8.7 cm � 1.0 mm thick,

BioRad). Proteins were transferred to a PVDF membrane (Millipore) and the

membrane was blocked with 5% milk (wt/vol) in phosphate-buffered saline

(PBS) with 0.05% Tween-20 (vol/vol). For western blot analysis, we used rabbit

polyclonal antibody to phospho-p44/42 MAPK (Thr202/Tyr204, 1:1,000, Cell

Signaling), mouse monoclonal antibody to phospho-CREB (Ser133, 1:500,

Upstate), rabbit polyclonal antibody to phospho-MEK1/2 (Ser217/221, 1:1,000,

Cell Signaling), rabbit polyclonal antibody to MEK1 (1:1,000, Upstate), mouse

monoclonal antibody to pan-Erk (MAPK, 1:2,000, BD Transduction Labora-

tories) and mouse antibody to actin (1:5,000, Chemicon International). Blots

were probed with one of the following antibodies (1:10,000 dilution): alkaline

phosphatase–conjugated goat antibody to mouse IgG (Sigma), alkaline phos-

phate–conjugated goat antibody to rabbit IgG (Sigma), horseradish perox-

idase–conjugated goat antibody to rabbit (MP Biomedicals), horseradish

peroxidase–conjugated sheep antibody to mouse (MP Biomedicals). Immuno-

reactivity was developed with either CDP-Star western alkaline phosphatase
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detection system (Tropix) or ECL detection reagent (Amersham Biosciences).

The western blots shown are representative experiments; pErk1/2 oscillations,

as well as peak and trough time points, were analyzed in a minimum of three

independent experiments. When necessary, blots were stripped with 25 mM

Tris, pH 8, 250 mM NaCl, 1% SDS, and 100 mM b-mercaptoethanol at 60 1C

for 30 min (see Supplementary Methods for western blot quantification).

Immunofluorescence staining. Immunofluorescence staining of pErk was

carried out as described previously16, with a few exceptions. Mice were killed

under dim red light, and their brains were removed and sliced quickly by

vibratome in chilled PBS containing the phosphatase inhibitors NaF (50 mM)

and activated Na3VO4 (1 mM, pH 10). We fixed 800-mm sections by immersion

in 4% PFA (wt/vol) for 7 h and then cryoprotected them in 30% sucrose (wt/

vol) in PBS overnight at 4 1C in the presence of inhibitors. Brain sections were

sliced into 30-mm sections by cryostat or a sliding, freezing microtome.

Fluorescent images of pErk-positive cells in area CA1 were obtained on an

Olympus FV-1000 confocal microscope using a 20� objective and sequential

line scanning. The channels that we used were adjusted to avoid saturation and

the exposure conditions were kept constant during image capture. Random

single-plane images were captured from each region by an investigator that was

blind to the condition to focus the largest number of cell bodies in the

randomly selected objective field. Thresholded images were quantified in

ImageJ (US National Institutes of Health) to quantify pErk-positive cells. Cell

body counts were made from 6–8 mice per condition. The numbers of pErk-

positive cells in each region were averaged between 2–8 separate sections per

mouse and from regions that fell within –1.46 and –2.30 to bregma. Cell

body counts from mice killed at ZT16 are expressed as a percentage of those

killed at ZT4.

Actogram acquisition. Mice were individually housed in rat cages (19 � 10 �
8 inches) for circadian voluntary activity data acquisition. This was carried out

with the use of QA-4 activity input modules coupled to infrared motion

detectors. Data were acquired using VitalView Data Acquisition System (Mini

Mitter, version 4.1) and were transferred to the ActiView Biological Rhythm

Analysis program (Mini Mitter, version 1.2) for actogram generation. The

actograms that are shown are representative locomotion plots for a group of

mice in the corresponding L/D, D/D or L/L conditions.

Contextual fear conditioning during L/D and free-running (D/D and L/L)

conditions. For experiments in free-running conditions, L/D-entrained mice

were placed into D/D conditions for 5 d. Before training, mice were allowed

2 min to adjust to dim red light conditions, regardless of zeitgeber time.

Following training for contextual fear training (Supplementary Methods),

mice were returned to their home cages and placed in the lighting conditions

from which they came (L/D or D/D). For L/L circadian experiments, training

and testing for both L/D- and L/L-shifted mice were carried out under standard

white fluorescent light. Mice were switched to L/L conditions (E300 lx) or else

maintained in L/D cycles 24 h following context training. After 7–10 d in L/L,

mice were returned to L/D conditions for 1 week to re-entrain to the L/D cycle

(Supplementary Figs. 5 and 6).

Measurement of cAMP. Following decapitation, hippocampal lobes were

removed from mice and flash frozen in liquid nitrogen. We used the ELISA-

based cAMP Biotrak Enzymeimmunoassay System protocol (Amersham Bios-

ciences) with some minor deviations. Hippocampal tissue (3–4 lobes per time

point per experiment and from different mice) was homogenized in 500 ml of

ice cold 0.1 M TrisHCl buffer containing 1 mM EDTA and 1 mM of the PDE

inhibitor IBMX. Ice-cold ethanol (99%/1% 1N HCl, vol/vol) was added to the

cell suspension to give a final mixture of 65% ethanol (vol/vol). Homogenates

were spun for 2 min at a speed of 1,000 g at 4 1C. Resulting supernatants were

evaporated in a heat block at 70 1C and precipitates were resuspended in 500 ml

of assay buffer. Competition binding was carried out according to the

Enzymeimmunoassay system instructions. Extracts were diluted 1:100 to

achieve concentrations in the linear range of the assay. cAMP levels were

normalized to starting protein concentrations from each time point.

Ras activity assay. We homogenized hippocampal tissues excised from mice at

ZT0, ZT4, ZT8, ZT12, ZT16 and ZT20 in magnesium lysis buffer (25 mM

HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10% glycerol, 25 mM

NaF, 10 mM MgCl2, 1 mM EDTA, 1 mM activated Na3VO4, pH 10, and one

half of a protease inhibitor tablet per 10 ml buffer (Roche)). Hippocampal

lysates (60 mg) from each time point were incubated with 50 ml of Raf-1 RBD

protein fused to agarose beads (Upstate Signaling Solutions) at 4 1C for 1 h.

Beads were pelleted by pulsation and the resulting supernatant was saved for

western analysis. Beads were washed three times with 500 ml of magnesium lysis

buffer and the final bead pellet was boiled with an equal volume of 6� SDS

buffer for 5 min. After a brief pulsation, samples were analyzed by western blot

using a monoclonal antibody to Ras (Upstate) at a dilution of 1:1,000.

Amounts of GTP-bound Ras were normalized to actin protein present in

control lysates lacking RBD-bead complexes.

Drug infusions. UO126 was prepared as described previously7 with minor

deviations. Forskolin (Calbiochem) and UO126 were dissolved in 35% DMSO

(vol/vol), 65% saline (vol/vol) to concentrations of 0.5 mM and 5 mM,

respectively. Mice were bilaterally implanted with cannulae (Plastics One)

using the coordinates (from bregma) –1.65 mm anterior/posterior, 1.5 mm

medial/lateral and –1.5 mm dorsal/ventral. Mice were infused via polyethylene

tubing with an automated syringe pump (World Precision Instruments) at a

rate of 0.25 ml min–1.

Statistical analysis. Unless otherwise stated, reported values are averages for

the group ± s.e.m. In general, significance was analyzed between two groups by

the use of two-tailed parametric Student’s t tests or the nonparametric Mann

Whitney t tests for small sample groups, significance was set at P o 0.05.

Normality was tested using D’Agostino Pearson omnibus test. Multiple group

experiments were analyzed by one-way or Kruskal-Wallis ANOVA analysis,

using Dunn’s or Bonferroni’s multiple comparison test for post hoc analysis.

Unless otherwise specified, n refers to the biological, not technical, replicate for

a specific condition. For experiments using only pooled hippocampal tissues

for analysis (cAMP ELISA measurements, membrane adenylyl cyclase assays

and Ras activity assays) quantification and statistical analyses were carried out

and are reported on data from several independent experiments. One animal’s

behavior was omitted as it reached ± 3 s.d. away from the mean for the UO126-

infused group in Fig. 8d. Fisher’s exact test analysis yielded significant results

with or without this data point removed, as did a Wilcoxin test for paired

movement time between training and testing, whereas a t test on freezing

percentage did not.

Note: Supplementary information is available on the Nature Neuroscience website.
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