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It is well established that protein kinase A (PKA) is involved in hippocampal dependent memory consolidation. Sleep is also

known to play an important role in this process. However, whether sleep-dependent memory consolidation involves PKA

activation has not been clearly determined. Using behavioral observation, animals were categorized into sleep and awake

groups. We show that intrahippocampal injections of the PKA inhibitor Rp-cAMPs in post-contextual fear conditioning

sleep produced a suppression of long-term fear memory, while injections of Rp-cAMPs during an awake state, at a

similar time point, had no effect. In contrast, injections of the PKA activator Sp-cAMPs in awake state, rescued sleep dep-

rivation-induced memory impairments. These results suggest that following learning, PKA activation specifically in sleep is

required for the consolidation of long-term memory.

Memory is initially labile requiring a process of consolidation to
become stable. Further, this process is known to involve gene ex-
pression and protein synthesis. One of the gene cascades that has
been studied extensively in the hippocampus in relation to mem-
ory is cyclic adenosinemonophosphate (cAMP)/PKA. Activation of
PKA leads to the phosphorylation of various downstream kinases
and transcription factors (e.g., cAMP response element binding
protein; CREB), that are required for memory consolidation (for re-
view, see Abel and Nguyen 2008). Using a hippocampus depen-
dent task (step-down inhibitory avoidance), it has been reported
that PKA activity increased significantly immediately and within
a 3–6 h time window following training (Vianna et al. 2000;
Pereira et al. 2001). Further, pharmacological suppression of
cAMP produced memory deficits while its activation, at corre-
sponding time intervals, produced memory enhancements
(Vianna et al. 2000; Quevedo et al. 2004; Datta et al. 2009). Sup-
pression of PKA, using either a genetic approach or administration
(peripheral or intraventricular/intrahippocampal) of protein syn-
thesis or PKA inhibitors, also disrupts long-term fear memory
(Abel et al. 1997; Bourtchouladze et al. 1998; Ahi et al. 2004). Inter-
estingly, suppression of PKA just prior to or within ∼4–6 h follow-
ing training produced memory deficits while suppression outside
this time window was not effective (Bernabeu et al. 1997; Wallen-
stein et al. 2002; Ahi et al. 2004).

Considerable evidence suggests that memory consolidation
could be taking place in sleep and that hippocampus-dependent
memory is especially affected (for review, see Kreutzmann et al.
2015). At the behavioral level, it has been reported that following
a learning experience there is an increase in sleep (especially rapid
eye movement sleep, REM) (Fishbein et al. 1974; Hennevin et al.
1995; Smith and Rose 1997; Hellman and Abel 2007). Conversely,
post-learning sleep deprivation produces long-term memory defi-
cits (Fishbein 1971; Smith and Rose 1996; Graves et al. 2003; Rus-
kin and LaHoste 2008; Hagewoud et al. 2010a,b,c, 2011; Binder
et al. 2012; Kumar and Jha 2012). At the cellular level, a reactiva-

tion of neuronal activity following awake learning has been report-
ed (Pavlides and Winson 1989; Wilson and McNaughton 1994;
Ribeiro et al. 2004; for reviews, see Ribeiro andNicolelis 2004; Inos-
troza and Born 2013), which could be part of the consolidation
process. A number of studies have also shown that long-term po-
tentiation (LTP), a neural model of learning and memory, is sup-
pressed by sleep deprivation (Romcy-Pereira and Pavlides 2004;
Marks and Wayner 2005; Ishikawa et al. 2006; Vecsey et al. 2009;
Ravassard et al. 2016). Specific to fear memory, sleep deprivation
within a 0–5 but not 5–10 h post-conditioning suppressed hippo-
campus dependent contextual but not hippocampus independent
cued fear memory, when tested 24 h later (Graves et al. 2003).

Recent evidence suggests that sleep-dependent memory con-
solidation may share similar molecular mechanisms identified in
learning/memory and synaptic plasticity (for review, see Graves
2001). It has been reported that sleep deprivation impaired cAMP
and PKA signaling as well as enhancing protein levels of phospho-
diesterase 4 (PDE4), an enzyme that degrades cAMP in the hippo-
campus (Vecsey et al. 2009). This in turn produced contextual
fearmemory deficits and suppressed a PKA-dependent form of hip-
pocampal LTP, which could be reversed with peripheral injections
of the PDE4 inhibitor Rolipram. A more recent study by the same
group (Havekes et al. 2014) demonstrated that up-regulating
cAMP/PKA signaling in the hippocampus via a pharmacogenetic
method prevented sleep deprivation-induced memory impair-
ments in an object-place recognition task. Further, it has been re-
ported that cAMP (as well as MAPK) activation shows a circadian
pattern being highest during the sleep phase, reported to be most
conducive to memory consolidation (Eckel-Mahan et al. 2008). A
later study reported that increased levels of phosphorylated PKA
were found during REM sleep (although not in slow wave sleep,
SWS) (Luo et al. 2013). The above evidence provides strong, albeit
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indirect, support for the involvement of PKA in sleep-dependent
memory consolidation. In the present study, we tested, for the first
time, the effects of pharmacologically manipulating hippocampal
PKA levels specifically in sleep on long-term fear memory.

Long-Evans rats (n = 34; Institute for Animal Reproduction,
Japan), 16 wk old on average, were used in the present study.
Animals were provided with water and food ad libitum and main-
tained on a 12:12 h light:dark cycle (lights on at 12:00 p.m.), in a
temperature-controlled environment (23°C). Two weeks before
behavioral procedures, animals were implanted with cannulae
for drug injections. Animals were anesthetized with sodium
pentobarbital (65.0 mg/kg), placed on a stereotaxic frame (Kopf
Instruments,), and implanted bilaterally with 22-gauge stainless-
steel guide cannulae (C232G/5.0/SPC, PlasticsOne), coupled with
dummy cannulae (C232DC/5.0/SPC, PlasticsOne; 0.5 mm protru-
sion), aimed at the CA1 field of the dorsal hippocampus, at the fol-
lowing coordinates: AP: bregma point −3.5 mm; ML: mid-sagital
suture ±2.5 mm; DV: skull surface −3.0 mm. Stereotaxic coordi-
nates were determined according to the atlas of Paxinos and
Watson (2007). Following surgery, each rat received a local antibi-
otic treatment (triple antibiotic ointment, Zeria Pharmaceutical
Co, Ltd) around the incision and was injected with 3000 units of
Penicillin (Penicillin G potassium, Meiji Co, Ltd), to prevent post-
operative infections. Animals were monitored until they fully re-
covered from anesthesia and were given at least 1 wk to recover.
Animals were handled for 5 min on three consecutive days before
contextual fear conditioning. Experiments were performed at the
beginning of the light cycle. Animals were contextual fear condi-
tioned (Zeitgeber time [ZT] 0–1) by placing them in a conditioning
chamber (O’Hara & Co., LTD). The chamber was made of Plexiglas
and was 34 × 26 × 28 cm in size. The floor was made of stainless
steel rods that were connected to a shock generator (O’Hara &
Co., LTD). The chamber was enclosed within a sound-isolated cu-
bicle (52 × 38 × 54 cm) that was evenly illuminated by two fluores-
cent lights (O’Hara & Co., LTD). A 5-min baseline behavior was
recorded, after which electric shocks (3 footshocks, 1 mA, 1 sec, 2
min intershock interval) were given. The animals were left in the
chamber for an additional 3 min. Freezing behavior was scored at
5 sec intervals using computer software (Time FZ1; O’Hara & Co.,
LTD) and was defined as the lack of all movements, except those
associated with respiration.

Immediately after fear conditioning, animals were placed in a
cylindrical recording chamber (45 cm in diameter × 60 cm high)
that was illuminated by white LED lights and contained a video
camera for behavioral recordings. There was also a small window
on the chamber for direct observation of the animal’s behavior.
The animals were either kept awake (AW group) or allowed to sleep
(SLEEP group) for 4 h. AW animals were kept awake by gently tap-
ping on the chamber (1 tap every 15 min, on average), when they
showed drowsiness. This methodwas chosen based on previous re-
ports that gentle handling is very effective in keeping rodents
awake (Meerlo et al. 2001) while producing minimum stress, as
determined by plasma corticosterone and adrenocorticotophic
(ACTH) levels (Hagewoud et al. 2010b; Gross et al. 2015).
Furthermore, sleep deprivation-induced stress has been reported
to not be correlated to sleep deprivation-induced memory deficits
(Hagewoud et al. 2010b). The animal’s behavior was subdivided
into seven different states (Pavlides and Winson 1989; Ribeiro
et al. 2002). These included four different awake behaviors: (1) ac-
tive, evidenced by exploration of the chamber with whisking; (2)
alert, evidenced by stillness while sitting on the floor; (3) quiet-
awake, evidenced by stillness lying down on the floor or grooming
with opened eyes; (4) drowsy, evidenced by stillness with eyes
semiclosed, just prior to drifting into sleeping state. Two sleeping
states were distinguished (van Betteray et al. 1991):(1) slow wave
sleep (SWS), evidenced by overall stillness with curled-up or

stretched-out body and closed eyes; (2) rapid-eye-movement
(REM) sleep, evidenced by ear and whisker movements, heavy
and irregular breathing, and head collapsing to the floor of the
chamber. Each wake/sleep state was determined independently
by two experienced observers. Thus, although sleep–wake states
were assessed by behavioral observation alone, we are confident
that the accuracy was higher than 90%.

Drugswere injected into the dorsal hippocampus bilaterally at
the start of sleep, or at a similar time point for AW, control animals.
To ensure a steady sleep state, the injections were initiated follow-
ing a brief (∼5 min) sleep period. The injections were made with a
25 µL Hamilton syringe driven by an injection pump (KDS510, KD
Scientific Inc.) and connected via a two-channel stainless steel
swivel (TCS2-23, Eicom) with polyethylene tubes (PE50, Becton,
Dickinson & Co.) to the 30-gauge injection cannulae on the ani-
mal’s head. The injection cannulae were left in place for the re-
mainder of the 4 h period after the injection, not to disturb the
animal’s sleep. Postmortem verification of cannulae placements
was performed after the completion of behavioral procedures.
Long-term contextual fear memory was examined 24 h after train-
ing for 5 min by measuring the percentage of time spent freezing
in the original conditioning context, without the footshocks.
To compare the effects of treatment (e.g., SLEEP versus AW), a re-
peated-measures two-way ANOVA was used, followed by post
hoc analysis, using Sidak’s multiple comparison test (P-value =
0.05; GraphPad Software, Inc.). All experiments for this study
were carried out in accordance with the Regulations for Animal
Experiments at the University of Tsukuba and Fundamental
Guidelines for Proper Conduct of Animal Experiments and
Related Activities in Academic Research Institutions.

Prior to determining the role of PKA inmemory, we examined
whether sleep deprivation following fear conditioning indeed af-
fects the consolidation of long-term fear memory. As described
above, animals were contextual fear conditioned, then placed in
a recording chamber and allowed to sleep or kept awake for 4 h.
On the following day, fear memory was tested. The sleep profile
is presented in Figure 1A. The mean sleep time in the SLEEP
animals was 71.75 ± 14.14 min (over the 4 h period), which corre-
sponds to 29.89% of total observation time. The fear conditioning
results are presented in Figure 1B. Animals from all groups showed
similar motor activity during the 5-min baseline period, prior to
shock. Their freezing behavior increased after the conditioning,
to a comparable level for all groups (repeated-measures ANOVA,
F(4,60) = 69.37, P < 0.0001). At the 24 h test, the AW animals froze
significantly less, compared to the SLEEP animals in the test session
(84.99% and 34.38% for SLEEP and AW animals, respectively;
F(4,60) = 7.648, P < 0.0001). In line with previous studies, our results
confirm that post-learning sleep affects the consolidation of fear
memory.

We next tested whether PKA activity is critical for sleep-
mediated memory consolidation, by injecting the PKA inhibitor
Rp-cAMPs bilaterally into the CA1field of the dorsal hippocampus.
Animals were conditioned as described above, then placed in the
recording chamber for 4 h. At the start of sleep, they received
3 µL of Rp-cAMPs (20 mM, BML-CN135, Enzo Life Sciences, Inc.)
or vehicle (aCSF, 124 mM NaCl, 3 mM KCl, 26 mM NaHCO3,
2 mM CaCl2/2H2O, 1 mM MgSO4/7H2O, 1.25 mM NaH2PO4,
10 mM D-glucose, pH 7.4). Long-term fear memory was tested
24 h later. As shown in Figure 2, intrahippocampal injection of
Rp-cAMPs in SLEEP animals produced a deficit in contextual
fear memory, compared to the vehicle-injected controls. Freezing
of Rp-cAMPs-injected rats was significantly lower than those of
vehicle-injected controls (51.66% and 84.99% for Rp-cAMPs-
injected and vehicle-injected animals, respectively; F(4,48) = 4.907,
P < 0.05). The effect of Rp-cAMPs injection on fear memory was
similar to AW animals in the first experiment.

PKA role in sleep-dependent memory consolidation
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We, further, examined whether Rp-cAMPs also had a detri-
mental effect on long-term memory when injected during the
awake state. After conditioning, Rp-cAMPs was injected into the
CA1 of the dorsal hippocampus during wakefulness, at a compara-
ble time as the SLEEP group (Fig. 2). The animals were then kept
awake for ∼1 h, following which they were allowed to sleep spon-
taneously for the remainder of the recording time. Theywere tested
24 h later for fear memory. As shown in Figure 2, Rp-cAMPs ani-
mals injected in the awake state showed freezing levels comparable
to vehicle-injected controls (83.14% and 84.99% for Rp-cAMPs-
injected in AW and vehicle-injected controls, respectively; F(2,24)
= 0.4359, P = 0.6517), but significantly higher freezing levels, com-
pared to Rp-cAMPs injected in sleep (83.14% and 51.66% for
Rp-cAMPs-injected in AW and Rp-cAMPs-injected in SLEEP, re-
spectively; F(4,32) = 2.816, P < 0.05). Taken together, these results
indicate that PKA signaling specifically during sleep following
a learning experience has a significant impact on memory
consolidation.

Finally, we tested whether PKA activation could prevent the
memory impairment induced by post-training sleep deprivation.
Animals were fear conditioned (same as above), injected intrahip-
pocampally bilaterally during awake state with either the PKA acti-
vator Sp-cAMPs (20 mM; BML-CN136, Enzo Life Sciences, Inc.) or
vehicle (aCSF, 124 mM NaCl, 3 mM KCl, 26 mM NaHCO3, 2 mM

CaCl2/2H2O, 1 mM MgSO4/7H2O, 1.25
mM NaH2PO4, 10 mM D-glucose, pH
7.4), 2.5 h after contextual fear condition-
ing, at a time interval yoked to SLEEP an-
imals of the first two experiments. The
animals were kept awake for the 4 h re-
cording period. Their long-term fear
memorywas assessed 24h later. As shown
in Figure 3, Sp-cAMPs injected into CA1
significantly rescued the memory deficit
observed following post-training sleep
deprivation. Sp-cAMPs-injected animals
exhibited significantly higher freezing re-
sponses compared to the vehicle-injected
animals (72.00% and 34.38% for
Sp-cAMPs-injected and vehicle-injected
controls, respectively; F(4,44) = 7.922, P <
0.001). This result suggests that activating
PKA can, in and of itself, attenuate the
detrimental effects of sleep deprivation
on memory consolidation.

Previous studies have suggested that
PKA plays a critical role in memory con-
solidation (for review, see Hernandez
and Abel 2011). PKA levels increase fol-
lowing training in a number of hippo-
campal-dependent tasks (Bernabeu et
al. 1997; Izquierdo and Medina 1997;
Pereira et al. 2001). On the other hand, in-
terferingwith PKA expression just prior to
or shortly after learning produces memo-
ry deficits (Schafe et al. 1999;Wallenstein
et al. 2002). Interestingly, two timepoints
for PKA effects have been reported, one
during the initial acquisition just after
training and the other between 3–6 h af-
ter training (Bourtchouladze et al. 1998).
A shortcoming of the previous studies is
that they did not take into account the
animal’s behavioral state (i.e., sleep/
awake). Besides the effects of learning
and memory on PKA expression (or defi-

cits resulting from its suppression), sleep deprivation has also
been reported to suppress PKA expression (Vecsey et al. 2009), as
well as downstream targets of PKA such as CREB (Hagewoud
et al. 2011). The combined evidence suggests that sleep-dependent
memory consolidation may involve similar molecular mecha-
nisms as have been demonstrated previously for hippocampal-
dependent memory (for review, see Havekes et al. 2015).

In the present study, we first replicated previous findings
(Graves et al. 2003) that a brief period (4 h) of sleep deprivation fol-
lowing learning produces long-term fear memory deficits. Second,
we show that suppressing PKA levels in the hippocampus specifi-
cally in sleep following contextual fear conditioning disrupts long-
term fear memory. This provides direct evidence that PKA expres-
sion during sleep is necessary for long-term fear memory consoli-
dation. PKA suppression during the awake state but at a similar
time point following conditioning, did not produce memory defi-
cits. This probably reflects the fact that these animals were allowed
to sleep at a later time point (although within the 4 h critical peri-
od), as the drug effects had subsided and PKA levels increased. On
the other hand, intrahippocampal injections of the PKA activator
Sp-cAMPs at a comparable time point in awake animals was suffi-
cient to overcome the sleep deprivation-induced memory deficits.
It is also pertinent to state that Rp-cAMPs has been reported to pro-
duce peak PKA suppression within 15 min, which then rapidly

Figure 1. Effects of sleep on long-term fear memory. (A) Sleep–wake profile following fear condition-
ing (FC). For the SLEEP group, data is plotted for each individual animal. For AW group, a representative
animal is shown. Each vertical bar represents 1 min. The AW animals were in either active, alert or quiet
states for 91.22% (219.10 ± 8.71 min) and in a drowsy state for 8.78% (21.10 ± 6.98 min) of total ob-
servation time (240 min) and never entered sleep. The SLEEP animals, slept on average 72 min (29.89%
of total observation time). (B) Effects of sleep deprivation on long-term contextual fear memory. Both
groups of animals showed near-zero freezing behavior during a 5-min baseline recording. Following
baseline, all animals were fear conditioned (3 footshocks, 1 mA, 1 sec, 2 min apart). This produced com-
parable freezing behavior for all groups. Fear memory was measured 24 h later in the same context. The
AW animals (n = 8) showed significantly less freezing compared to the SLEEP animals (n = 9). Results are
presented as mean ± SEM percent freezing; (****) P < 0.0001.
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diminishes and is ineffective by 90min after intrahippocampal in-
jection (Vianna et al. 2000). Thus, it is safe to assume that our drug
injections produced their effectsmainly in the intended behavioral
state—that is, either sleep or wakefulness.

As stated above, two peaks of PKA expression, at 0 and 3–6 h,
following step-down inhibitory avoidance training are observed
(Bernabeu et al. 1997). Interestingly, PKA suppression at 0 or 3 h
disrupted long-term memory while PKA suppression at intervals
within a 90 min range disrupted short-term memory (Vianna
et al. 2000). Further, while inhibition of PKA (and MAPK) 15 min
before or immediately after training in an inhibitory avoidance
task suppressed both short- and long-term memory, inhibition of
protein synthesis produced only a long-term memory deficit
(Quevedo et al. 2004). A different study (Grecksch and Matthies
1980) also reported two sensitive periods for amnesic effects by
the protein synthesis inhibitor anisomycin. Intrahippocampal ad-
ministration of anisomycin 10min before and at 80min and 4 and
6 h after retention of a brightness discrimination task disrupted
memory, while no amnesia was observed with injections at

45 and 165 min (∼3 h) post-training.
Two critical periods at 0 and 4 h for PKA
and protein synthesis formemory consol-
idation were also reported for contextual
fear memory in mice (Bourtchouladze
et al. 1998). Further, genetic inhibition
of PKA disrupted late- but not early-phase
LTP, spatial memory and long-term
but not short-term contextual fear mem-
ory (Abel et al. 1997). However, the pre-
cise time-course of PKA activation and
possible correlation with behavioral
state following learning remains to be
determined.

The majority of studies, thus far,
have investigated the role of cAMP/PKA/
CREB in the CA1 field of the dorsal hippo-
campus. However, besides the hippocam-
pus, there is an increase in PKA activity in
the entorhinal cortex following training
in a step-down inhibitory task (Pereira et
al. 2001). Further, interfering with this
signaling pathway in other brain areas in-
cluding the CA3, anterior cingulate, and
posterior parietal and entorhinal cortex,
also produce memory deficits (Ardenghi
et al. 1997; Barros et al. 2000; Datta et
al. 2009; for review, see Izquierdo et al.
2006). Specific to fear memory, suppres-
sion of PKA andprotein synthesis with in-
traventricular (Schafe et al. 1999) or
intralateral amygdaloid nucleus (Schafe
and LeDoux 2000) injections prior to or
just after conditioning produced contex-
tual and cued long- but not short-term
fear memory deficits, while intralateral
amygdala injections 6 h later had no ef-
fect. A similar suppression of long-, but
not short-term, contextual and cued fear
memory following basolateral amygdala
injections of the PKA/PKC inhibitor H7
was reported (Goosens et al. 2000).
Interestingly PKA appears to also be
involved in the reconsolidation of long-
term fear memory. Injection of Rp-
cAMPs into the basolateral amygdala fol-
lowing reexposure impaired reconsolida-

tion, while injections of the PKA activator 6-BNZ-cAMPS
enhanced it (Tronson et al. 2006). In another study, intra-
amygdala injection of a cholera toxin, which suppresses PKA, in-
hibited acquisition of a Pavlovian approach behavior while injec-
tion of Sp-cAMPs enhanced acquisition of this task (Jentsch et al.
2002). However, using a passive avoidance task, it has been report-
ed that PKA inhibition in the hippocampus but not amygdala
caused memory deficits (Bevilaqua et al. 1997). As mentioned ear-
lier, inhibition of PKA in the hippocampus at 0, 3, and 6 h caused
amnesia (although 1.5 and 9 h were ineffective), while PKA inhibi-
tion in the amygdala was ineffective either at 0, 3, or 6 h (Ardenghi
et al. 1997; Bevilaqua et al. 1997; Barros et al. 2000).

The role that PKA and protein synthesis may play in sleep-
dependent memory consolidation in other brain areas as well as
other time points following learning has not been investigated.
Further, although the majority of studies have stressed the impor-
tance of PKA, a recent report (Ma et al. 2009) suggests that Epac, an-
other downstream target of cAMP, is also critical for memory
consolidation in a PKA independent manner. Besides cAMP/

Figure 2. Effects of PKA inhibition on long-term fear memory. (A) Sleep–wake profile following fear
conditioning (FC), along with time point of bilateral intrahippocampal injections, as marked by
syringe symbol. Note that the AW animals were injected at comparable times to the SLEEP animals.
For vehicle-injected control animals, only representative data is plotted. For Rp-cAMPs-injected
animals, the data were individually plotted. Each vertical bar represents 1 min. Average total time
spent in sleep was not significantly different between vehicle-injected (71.75 ± 14.15 min),
Rp-cAMPs-injected in sleep (75.2 ± 14.45 min), and Rp-cAMPs-injected in awake state (43.6 ± 13.18
min) (P > 0.1 for all comparisons). (B) Effects of bilateral intrahippocampal injection of the PKA inhibitor
Rp-cAMPs on long-term contextual fear memory. All animals showed near-zero freezing behavior during
baseline recording and robust freezing following conditioning. Fear memory was measured 24 h later in
the same context. Injection of Rp-cAMPs (20 mM, 3 µL) in SLEEP animals (n = 5) produced significantly
impaired consolidation of contextual fear memory, compared to the vehicle injected controls (n = 9). In
contrast, for animals injected with Rp-cAMPs in the awake state (n = 5), no long-term memory deficits
were observed. Results are presented as mean ± SEM percent freezing; (*) P < 0.05.
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PKA/CREB, a number of other signaling pathways and proteins
have been shown to play a significant role in memory consolida-
tion (for reviews, see Schafe et al. 2001; Izquierdo et al. 2006;
Hernandez and Abel 2011; Abel et al. 2013), which may work dif-
ferently in different parts of the brain as well as during awake and
sleep states. These possibilities will have to be further investigated.
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