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cAMP is a critical second messenger implicated in synaptic plasticity and memory in the mammalian brain.
Substantial evidence links increases in intracellular cAMP to activation of cAMP-dependent protein kinase (PKA) and
subsequent phosphorylation of downstream effectors (transcription factors, receptors, protein kinases) necessary for
long-term potentiation (LTP) of synaptic strength. However, cAMP may also initiate signaling via a guanine
nucleotide exchange protein directly activated by cAMP (Epac). The role of Epac in hippocampal synaptic plasticity
is unknown. We found that in area CA1 of mouse hippocampal slices, activation of Epac enhances maintenance of
LTP without affecting basal synaptic transmission. The persistence of this form of LTP requires extracellular
signal-regulated protein kinase (ERK) and new protein synthesis, but not transcription. Because ERK is involved in
translational control of long-lasting plasticity and memory, our data suggest that Epac is a crucial link between
cAMP and ERK during some forms of protein synthesis-dependent LTP. Activation of Epac represents a novel
signaling pathway for rapid regulation of the stability of enduring forms of LTP and, perhaps, of hippocampusdependent long-term memories.

Hippocampal area CA1 is crucial for long-term memory (LTM)
formation in mice and humans (Zola-Morgan et al. 1986; Tsien et
al. 1996). CA1 synapses express persistent alterations in synaptic
strength that are thought to underlie memory storage (Bliss and
Collingridge 1993; Moser et al. 1998; Abraham et al. 2002; Lynch
2004). Increases (long-term potentiation [LTP]) or decreases
(long-term depression [LTD]) in synaptic strength are mediated
by complex interactions of intracellular signaling molecules
(Sanes and Lichtman 1999; Braunewell and Manahan-Vaughan
2001). 3⬘,5⬘-Cyclic adenosine monophosphate (cAMP) is a ubiquitous second messenger that is strongly implicated in hippocampal synaptic plasticity and memory. For instance, genetic
elimination of calcium/calmodulin-stimulated adenylyl cyclases
(AC1 and AC8) blocks late phase-LTP (L-LTP) and LTM for contextual and passive avoidance conditioning (Wong et al. 1999).
Similarly, stimulation of cAMP signaling in area CA1 initiates
L-LTP (Frey et al. 1993).
Although cAMP-dependent protein kinase (PKA) is typically
the primary downstream effector of cAMP, cAMP-regulated guanine exchange factors (GEFs) known as Epacs (exchange proteins
directly activated by cAMP) also bind cAMP to diversify its signaling influence. Epacs are expressed in the nervous system (Kawasaki et al. 1998), and they bind cAMP to activate a GTPase,
Rap, in a PKA-independent fashion (de Rooij et al. 1998). Because
Rap can interact with the Ras/ERK cascade, Epacs can modulate
ERK-dependent processes in various eukaryotic cells (Lin et al.

2003; Keiper et al. 2004; Johnson-Farley et al. 2005; Traver et al.
2006).
In the hippocampus, ERK is required for many forms of synaptic plasticity (Sweatt 2004) and can regulate protein synthesis
during long-lasting LTP and LTD via phosphorylation of translation initiation factor eIF4E (Banko et al. 2004, 2006; Kelleher et
al. 2004; Schmitt et al. 2005). Given the importance of cAMP and
ERK signaling in the hippocampus, it is possible that activation
of Epac may critically regulate LTP in this brain region as well.
However, it is unknown whether activation of Epac can influence
hippocampal synaptic plasticity.
We show here that acute perfusion of mouse hippocampal
slices with a specific agonist of Epac, 8-(4-chlorophenylthio)-2⬘O-methyl-cAMP (8-pCPT), enhances the maintenance of LTP in a
frequency-dependent manner without affecting basal synaptic
transmission or initial LTP induction. This enhancement of LTP
stability requires protein synthesis and activation of ERK, but not
transcription. Furthermore, application of 8-pCPT leads to a transient increase in phospho-ERK immunoreactivity in hippocampal area CA1. Our data reveal that activation of Epac facilitates
LTP in a hippocampal subregion known to be important for the
formation of LTMs (Zola-Morgan et al. 1986).

Results
8-pCPT does not alter basal synaptic properties in area
CA1 of the hippocampus
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As a preliminary step toward characterizing the effects of 8-pCPT
in area CA1 of the hippocampus, we examined basal synaptic
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8-pCPT (100 µM) to hippocampal slices
during baseline test stimuli did not affect synaptic strength during or after
drug application (mean fEPSP slopes
were 98.0 Ⳳ 6.6% and 102.8 Ⳳ 4.3% for
control and 8-pCPT–treated slices, respectively, 15 min after drug application; P > 0.5; Fig. 2A).
Can 8-pCPT affect LTP induction
and maintenance after a stronger, LTPinducing 100-Hz protocol? In area CA1
of the mouse hippocampus, one train of
high-frequency electrical stimulation
(HFS) at 100 Hz (1-sec duration) induces
an early phase of LTP (E-LTP) that decays
to baseline within 2 h (Huang et al.
1996; Duffy et al. 2001). Applying
8-pCPT during this weak tetanus did not
change the initial amount of potentiation generated (mean fEPSP slopes were
219.5 Ⳳ 13.4% and 224.6 Ⳳ 14.9% for
control and 8-pCPT–treated slices, respectively, 2 min after 1 ⳯ 100 Hz
stimulation; P > 0.5; Fig. 2B). However,
pharmacologic activation of Epac with
8-pCPT during weak tetanus did enhance the maintenance of LTP (mean
fEPSP slopes were potentiated to
163.6 Ⳳ 13.1% 120 min after 1 ⳯ 100
Hz; P < 0.01 compared with
104.3 Ⳳ 9.0% for controls; Fig. 2B). Application of an Epac agonist increases
the stability of LTP generated by one
train of HFS without affecting the initial
magnitude of potentiation induced by
this form of LTP.
Figure 1. 8-pCPT does not alter neuronal excitability or presynaptic transmitter release capabilities.
(A) Input-output (I/O) curve slopes were not altered by application of 8-pCPT. Linear regressions were
calculated for 8-pCPT–treated (n = 12) and control slices (n = 15). (B) Paired pulse facilitation (PPF) was
not altered by application of 8-pCPT. 8-pCPT–treated slices (n = 13) exhibited facilitation similar to
controls (n = 16) at interpulse intervals of 50, 100, 150, and 200 msec.

Long-term stability of synaptic plasticity
is associated with de novo protein synthesis. The production of new proteins is a key feature of longlasting LTP (Stanton and Sarvey 1984; Deadwyler et al. 1987; Frey
et al. 1988; Nguyen and Kandel 1996; Kandel 2001). We tested
the hypothesis that activating Epac generates stable, protein synthesis-dependent LTP. One train of HFS applied to area CA1 of
the hippocampus elicits decremental LTP that does not critically
require protein synthesis. As such, bath application of the general translation inhibitor emetine (20 µM) had no significant
effect on this form of LTP (Fig. 3A, white circles). However, emetine blocked the enhancement of LTP maintenance induced by
pairing 8-pCPT and one train of HFS (mean fEPSP slopes were
109.0 Ⳳ 6.8% for 8-pCPT–treated slices 120 min after 1 ⳯ 100
Hz stimulation; P > 0.5 compared with 104.7 Ⳳ 11.0% for controls) (Fig. 3A, black squares). Thus, application of an Epac agonist during HFS generates LTP that is stable for at least 2 h and
requires protein synthesis.
We also used a transcription inhibitor, actinomycin D
(ActD; 25 µM), to explore the transcriptional dependence of LTP
enhancement resulting from Epac activation. Bath application of
ActD did not affect the stability of this form of LTP (Fig. 3B). After
120 min, mean fEPSP slopes of 8-pCPT–treated slices were significantly potentiated compared with mean fEPSP slopes from
control-treated slices (mean fEPSP slopes were 150.9 Ⳳ 13.4% for

function. The relationship between the presynaptic fiber volley
and the fEPSP slope was determined over a range of stimulus
intensities as a measure of synaptic responsiveness. We observed
no differences between these input-output (I/O) properties in
8-pCPT–treated slices and ACSF-treated control slices (8-pCPT,
y = 4.9x, R2 = 0.80; Control, y = 4.7x, R2 = 0.77; P > 0.2; Fig. 1A),
indicating that 8-pCPT does not significantly alter basal synaptic
transmission.
Paired-pulse facilitation (PPF), a short-lasting presynaptic
form of synaptic plasticity and widely used method to infer
changes in probability of transmitter release, was not significantly altered by application of 8-pCPT. No significant differences in PPF were observed between ACSF-treated control slices
and 8-pCPT-treated slices at 50-, 100-, 150-, or 200-msec interpulse intervals (P > 0.2) (Fig. 1B). As such, application of 8-pCPT
does not alter basal synaptic properties in hippocampal area CA1.

8-pCPT enhances LTP maintenance, without affecting
LTP induction or basal synaptic transmission
To address whether activation of Epac by 8-pCPT alters longlasting forms of plasticity, we investigated its effects on LTP induction and maintenance. First, we found that application of
www.learnmem.org

LTP elicited by pairing HFS with
8-pCPT requires protein synthesis
and ERK, but not transcription
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8-pCPT–treated slices 120 min after 1 ⳯ 100 Hz stimulation;
P < 0.02 compared with 104.7 Ⳳ 10.4% for controls; Fig. 3B).
Thus, pairing 8-pCPT with HFS induces LTP that requires translation, but not transcription.
The ERK signaling pathway is crucial for a plethora of forms
of synaptic plasticity (Sweatt 2004; Thomas and Huganir 2004)
and is specifically implicated in translational control of plasticity
(Banko et al. 2004, 2006; Gallagher et al. 2004; Kelleher et al.
2004). Consequently, we examined the effect of ERK inhibition
on our 8-pCPT–enhanced LTP. Because LTP induced by 1 ⳯ 100
Hz does not require ERK signaling (Winder et al. 1999), any effects on our LTP can be likely attributed to Epac activation. Bath
application of U0126 (20 µM), an inhibitor of MEK (the upstream
kinase that phosphorylates and activates ERK), blocked 8-pCPT–
enhanced maintenance of LTP (mean fEPSP slopes were
107.9 Ⳳ 7.1% for 8-pCPT–treated slices 120 min after 1 ⳯ 100
Hz stimulation, P > 0.5 compared with 106.4 Ⳳ 4.7% for controls; Fig. 3C). Thus, ERK plays a role in Epac-mediated enhancement of LTP maintenance.
To firmly establish that 8-pCPT does not mediate these effects on LTP by activating PKA, we used KT5720 (1 µM), a PKA
inhibitor. At this concentration, KT5720 blocks maintenance of
long-lasting LTP induced by repeated 100 Hz tetanization of
Schaeffer collaterals in mouse slices (Woo et al. 2003). We found
that application of KT5720 did not block
8-pCPT–dependent facilitation of LTP
maintenance. After 120 min, mean
fEPSP slopes of 8-pCPT–treated slices
were potentiated to 164.9 Ⳳ 11.0%
compared with 107.9 Ⳳ 7.2% in control
slices (P < 0.01; Fig. 3D). Thus, 8-pCPT
facilitates stability of LTP in a manner
that does not critically require PKA. Our
findings support the notion that this
agonist selectively activates Epac (Bos
2006).

pal CA1, but the enhancement of LTP by 8-pCPT is not associated
with a further increase in the amount or duration of ERK activation.

LTP generated by pairing 8-pCPT with HFS occludes
␤-adrenergic receptor–dependent LTP

Activation of ␤-adrenergic receptors during one train of HFS also
enhances the maintenance of LTP by initiating ERK signaling
and new protein synthesis (Gelinas and Nguyen 2005). To test
the hypothesis that this form of neuromodulatory LTP is mechanistically similar to LTP generated by pairing 8-pCPT with HFS,
we used an occlusion protocol. Coapplication of the ␤-adrenergic
receptor agonist isoproterenol (ISO) and HFS following application of HFS alone did not inhibit the maintenance of ␤adrenergic LTP (mean fEPSP slopes were potentiated to
145.3 Ⳳ 10.1% 120 min after ISO application; Fig. 5A). This result is consistent with the notion that decremental LTP induced
by HFS alone recruits intracellular mechanisms that are different
from those underlying long-lasting LTP generated by activation
of ␤-adrenergic receptors during HFS. Thus, ␤-adrenergic receptor–dependent LTP can be maintained at synapses previously expressing decremental LTP induced by one train of 100-Hz HFS.
In contrast, coapplication of ISO and HFS following application of 8-pCPT during HFS occluded the maintenance of ␤-

8-pCPT induces ERK
phosphorylation in hippocampal
area CA1
Because 8-pCPT–induced enhancement
of LTP required ERK, we next examined
whether 8-pCPT induces ERK phosphorylation in hippocampal area CA1. We
found that 8-pCPT activated ERK, as evidenced by increased phosphorylation of
this kinase (phospho-ERK: P < 0.02 compared with vehicle; Fig. 4A). After 15
min of 8-pCPT incubation, ERK activation became significantly different from
control levels. ERK phosphorylation was
not significantly different from control
levels during drug washout (both at 10
and 30 min). Furthermore, ERK activation by 8-pCPT was completely blocked
by the MEK inhibitor U0126.
Because pairing 8-pCPT application
with HFS generated long-lasting LTP, we
also investigated ERK phosphorylation
following this paired stimulation protocol. We observed that 8-pCPT did not
enhance HFS-induced ERK immunoreactivity, even at an extended time point of
30 min (Fig. 4B). These data suggest that
8-pCPT does activate ERK in hippocamwww.learnmem.org

Figure 2. 8-pCPT enhances LTP maintenance, without affecting LTP induction or basal synaptic
transmission. (A) Application of 8-pCPT alone has no effect on basal synaptic transmission. (B) Pairing
8-pCPT with 1 ⳯ 100 Hz stimulation enhances maintenance, but not induction, of LTP relative to
controls. (C) Summary histogram for these experiments comparing levels of potentiation 120 min after
HFS (**P < 0.01). All sample fEPSP traces were sampled at time points A and B on graphs. Calibration
bars: 5 mV, 2 msec.
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vation of either 8-pCPT or ␤-adrenergic
receptors elicits mechanistically similar
forms of long-lasting LTP.

8-pCPT facilitates maintenance
of chemically induced LTP
Because we found that long-lasting LTP
induced by activation of ␤-adrenergic receptors and 8-pCPT share similar mechanisms, we monitored synaptic strength
when 8-pCPT was applied to hippocampal slices during low-frequency stimulation (LFS) (5 Hz for 3 min). This pattern
of LFS alone does not persistently alter
synaptic strength but permits induction
of LTP when ␤-adrenergic receptors are
concomitantly activated (Thomas et al.
1996; Gelinas and Nguyen 2005). Synaptic responses from slices treated with
8-pCPT did not differ compared with
those elicited from control slices (mean
fEPSP slopes were 101.1 Ⳳ 5.6% for control slices and 106.7 Ⳳ 10.5% for
8-pCPT–treated slices 120 min after LFS;
Fig. 6A). Thus, 8-pCPT does not significantly alter synaptic strength following
5-Hz stimulation for 3 min. This result is
in contrast to the enhancement of synaptic strength seen after ISO application.
To investigate the molecular basis of this
difference, we used pharmacologic inhibition of phosphatases. Previous studies
have shown that inhibition of phosphatase activity gates the induction of LTP
(Thomas et al. 1996; Blitzer et al. 1998;
Brown et al. 2000). However, we found
that inhibition of phosphatases with
okadaic acid (OA) (1 µM) permitted the
induction but not the maintenance of
LTP. LTP induced by applying LFS at 5
Hz for 3 min in OA-treated slices was
decremental, with a mean fEPSP slope of
101.5 Ⳳ 3.9% 120 min after LFS (Fig.
6B). Similarly, LTP elicited by one train
of HFS did not differ between OA-treated
and control slices (mean fEPSP slopes
were 104.3 Ⳳ 4.8% in OA-treated slices
and 109.2 Ⳳ 5.6% in control slices 120
min after LFS; Fig. 6D). These results suggest that phosphatase inhibition lowers
the threshold for LTP induction without
Figure 3. LTP elicited by pairing 1 ⳯ 100 Hz stimulation with 8-pCPT requires protein synthesis and
ERK, but not transcription or PKA. (A) Emetine, a translation inhibitor, blocked the enhancement of LTP
affecting LTP stability. As such, we exby 8-pCPT. (B) Actinomycin D, a transcription inhibitor, had no significant effect on LTP enhanced by
amined whether application of 8-pCPT
8-pCPT. (C) U0126, an ERK inhibitor, also blocked the enhancement of LTP by 8-pCPT. (D) KT5720,
facilitates the maintenance of LTP ina PKA inhibitor, had no significant effect on LTP enhanced by 8-pCPT. (E) Summary histogram for these
duced by LFS during phosphatase inhiexperiments comparing levels of potentiation 120 min after HFS (**P < 0.01, *P < 0.05). All sample
bition. Application of either ISO or
traces were taken at time points A and B on graphs. Calibration bars: 5 mV, 2 msec.
8-pCPT to OA-treated slices during LFS
resulted in long-lasting LTP (mean fEPSP
adrenergic LTP (mean fEPSP slopes were 105.2 Ⳳ 5.7% 120 min
slopes were 132.5 Ⳳ 5.8% and 131.6 Ⳳ 10.0% for ISO and 8-pCPT–
after ISO application; Fig. 5B). This result suggests that activation
treated slices, respectively, 120 min after LFS; Fig. 6C). Maintenance
of ␤-adrenergic receptors and application of 8-pCPT recruit simiof this LTP was significantly enhanced compared with LTP generlar mechanisms to facilitate long-lasting LTP. These mechanisms
ated by LFS alone applied to OA-treated slices (P < 0.05; Fig. 6E).
may be substantially engaged by application of 8-pCPT, thereby
Overall, these results suggest that application of 8-pCPT can facilirendering subsequent activation of ␤-adrenergic receptors unable
tate the maintenance of LTP when the threshold for LTP induction
to generate persistent LTP. Overall, these data indicate that actiis decreased by chemical inhibition of phosphatases.
www.learnmem.org
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Discussion

not require transcription. Similarly, LTP generated by multiple
trains of HFS can be stabilized by local protein synthesis for ∼3 h
post-induction (Cracco et al. 2005; Tsokas et al. 2005). Our present findings establish a putative cAMP-activated signaling pathway that can facilitate induction of translation-dependent, transcription-independent LTP. As such, Epac activation could occur
downstream of Gs-protein–coupled receptors or Ca2+-activated
adenylyl cyclases to participate in stabilization of LTP. Indeed,
overexpression of Epac potentiates the activation of ERK in response to stimulation of the Gs-protein coupled 5-HT7A receptors
(Lin et al. 2003). Our results further support this notion by demonstrating that the maintenance of ␤-adrenergic receptor–
dependent LTP is occluded by prior expression of 8-pCPT–
enhanced LTP. Thus, these forms of LTP appear to share similar
underlying mechanisms.
Our results also reveal that Epac activates ERK, and this activation is required for the persistence of Epac-enhanced LTP.
ERK signaling is required for numerous forms of LTP and
memory (Sweatt 2004; Thomas and Huganir 2004) and is specifically implicated in translational control of plasticity (Banko et al.
2004, 2006; Gallagher et al. 2004; Kelleher et al. 2004). ERK activation downstream of Epac has been observed in non-neuronal
cells (Keiper et al. 2004; Wang et al. 2006). However, the persistence of our 8-pCPT–enhanced LTP was not associated with an
increase in either the amount or duration of ERK activation. The
ability of Epac to activate ERK has been linked to its localization
at the plasma membrane, with perinuclear Epac unable to activate ERK (Wang et al. 2006). Our use of a multiwire stimulation
electrode allowed us to activate more synapses than with a conventional single wire electrode. However, our analysis sampled
“bulk” ERK (located throughout the cytoplasm and at the plasma
membrane) after application of 8-pCPT paired with tetanus, and
it is possible that additional ERK activation elicited by Epac at the
plasma membrane could not be detected in the presence of substantial cytoplasmic ERK activation elicited by tetanus alone. It is
also possible that 8-pCPT application and tetanus engage similar

We have examined the role of the cAMP-activated GEF Epac in
hippocampal synaptic plasticity. Our data show that an Epac
agonist, 8-pCPT, enhances the maintenance of various forms of
LTP in area CA1, without exerting significant effects on basal
synaptic transmission or initial LTP induction. Short-lasting, protein synthesis-independent LTP was converted into a stable, protein synthesis-dependent form of LTP by activation of Epac. We
also demonstrated that the mechanism for this Epac-dependent
LTP enhancement involves recruitment of ERK.
Numerous signaling molecules contribute to the expression
of LTP (Sanes and Lichtman 1999). These molecules modulate
various neuronal properties, including basal synaptic transmission and the capacity for LTP induction or maintenance. We
found that 8-pCPT did not affect baseline synaptic responses or
the initial magnitude of potentiation generated by one train of
HFS. However, 8-pCPT significantly enhanced the maintenance
of LTP generated by one train of HFS. Thus, pairing 8-pCPT with
a stimulation protocol that is normally unable to elicit longlasting potentiation of synaptic strength facilitated the expression of stable LTP. Importantly, the 8-pCPT–dependent enhancement of LTP was not blocked by pretreatment with a PKA inhibitor, confirming that this enhancement is not mediated by PKA.
Taken together, these results suggest that activation of Epac facilitates the stabilization of LTP.
The inability of 8-pCPT to facilitate LTP induction suggests
that this signaling pathway may preferentially modulate LTP
when sufficient synaptic stimulation is concurrently applied.
This notion is supported by our observation that 8-pCPT can also
facilitate the maintenance of LTP induced by LFS when phosphatases are inhibited. Phosphatases gate LTP induction, such that
inhibition of phosphatases can substitute for cAMP pathway activation (Blitzer et al. 1998). We found that pretreatment with
the phosphatase inhibitor OA permitted induction of decremental LTP by LFS. Pairing LFS with Epac in slices pretreated with OA
generated long-lasting LTP. Facilitation
of LTP by a drug known to activate Epac
requires concomitant synaptic stimulation, in either electrical or chemical
form. This observation suggests that activation of Epac may stabilize LTP induced by different mechanisms, as long
as sufficient synaptic stimulation is provided.
Long-term changes in synaptic
strength are distinguished from more
transient forms of plasticity by their dependence on macromolecular synthesis
(Krug et al. 1984; Frey et al. 1988, 1996;
Nguyen et al. 1994; Kandel 2001). We
have shown here that the enhanced
maintenance of LTP resulting from application of an Epac agonist during LTP
induction requires protein synthesis, but
not transcription. These results support
the notion that translational activation
Figure 4. 8-pCPT increases ERK phosphorylation. Quantitative Western blot analysis of phospho-ERK
of pre-existing dendritic mRNAs can sus- immunoreactivity in hippocampal CA1 slices exposed to 8-pCPT. (A) Representative phospho-ERK
tain specific forms of synaptic plasticity. Western blot depicting changes in immunoreactivity resulting from 5 or 15 min of 8-pCPT incubation,
For instance, ␤-adrenergic receptor–
10 or 30 min of washout of 8-pCPT (15 min incubation), and pairing 8-pCPT with U0126 pretreatment. 8-pCPT treatment led to a transient increase in phospho-ERK immunoreactivity that was blocked
enhanced LTP (Gelinas and Nguyen
2005), LTD induced by mGluR activa- by pre-treatment with U0126. (B) Representative phospho-ERK Western blot depicting changes in
immunoreactivity following 10 min baseline stimulation (vehicle), 5 min after HFS (100 Hz, 1 sec)
tion (Huber et al. 2001), and facilitation
delivered alone, and 5 min (HFS+8-pCPT) and 30 min (30 min) after delivery of HFS paired with
elicited by brain-derived neurotrophic 8-pCPT. 8-pCPT did not enhance the HFS-induced phospho-ERK immunoreactivity. Data are expressed
factor (BDNF) (Kang and Schuman 1996) as mean Ⳳ SEM. The asterisks show significant difference from the vehicle mean as determined by
are forms of synaptic plasticity that do paired t-test.
www.learnmem.org
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pocampus has potential physiological and behavioral ramifications. Long-lasting hippocampal LTP is strongly correlated with
explicit LTM (Doyere and Laroche 1992; Bourtchuladze et al.
1994; Abel et al. 1997; Genoux et al. 2002). cAMP is an important
second messenger involved in both synaptic plasticity and
memory (Frey et al. 1993; Abel et al. 1997; Nguyen and Woo
2003). Thus, activation of Epac by cAMP in CA1 neurons is likely
to exert significant functional consequences. Epac could link
cAMP to ERK activation in CA1 neurons, potentially allowing for
rapid regulation of hippocampal long-term synaptic plasticity
and modulation of memory. Epac expression levels are altered in
several brain structures in Alzheimer’s disease (McPhee et al.
2005), and Epac signaling is implicated in modulating key proteins involved in neurodegenerative conditions (Maillet et al.
2003). Our results establish a novel role for Epac in boosting
long-lasting hippocampal synaptic plasticity.

Materials and Methods
Electrophysiology
Female C57BL/6 mice (8-13 wk old; Charles River) were sacrificed
and decapitated. Transverse hippocampal slices (400 µM) were
obtained and transferred to an interface recording chamber held
at 28°C. The artificial cerebrospinal fluid (ACSF) used for dissection and perfusion (1–2 mL/min) contained: 124 mM NaCl, 4.4
mM KCl, 1.3 mM MgSO4, 1.0 mM NaH2PO4, 26.2 mM NaHCO3,
2.5 mM CaCl2, 10 mM glucose, aerated with 95% O2 and 5%
CO2. After at least 1 h of recovery, fEPSPs were evoked in stratum
radiatum using a bipolar nickel-chromium stimulating electrode
and recorded using a glass microelectrode filled with ACSF. Baseline fEPSPs were elicited once per minute at a stimulus intensity
(0.08-msec pulse width) producing fEPSP amplitudes that were
40% of maximal amplitudes. I/O data were collected by varying
the intensities of seven stimuli applied to area CA1. PPF was
examined by applying two pulses at interpulse intervals of 50,
100, 150, and 200 msec. LTP was induced with one train of highfrequency stimulation (100 Hz for 1-sec duration at 40% of maximal fEPSP amplitude). LFS at 5 Hz for 3 min was also applied. For
occlusion experiments, fEPSP slope was reset to baseline 35 min
after tetanization by reducing stimulation intensity such that the
new fEPSP slope matched the average fEPSP slope obtained during the initial 20 min of baseline recording. An additional 10 min
of new “baseline” recording was then taken before drug infusion
began.

Figure 5. LTP generated by pairing 8-pCPT with 1 ⳯ 100 Hz occludes
␤-adrenergic receptor–dependent LTP. (A) 1 ⳯ 100 Hz stimulation alone
does not occlude subsequent maintenance of LTP generated by pairing
application of ISO with 1 ⳯ 100 Hz stimulation. At 120 min after
ISO + 1 ⳯ 100 Hz, fEPSP slopes were potentiated significantly above the
reset baseline. (B) Pairing 8-pCPT with 1 ⳯ 100 Hz stimulation generates
LTP that occludes subsequent maintenance of LTP generated by pairing
application of ISO with 1 ⳯ 100 Hz stimulation. At 120 min after
ISO + 1 ⳯ 100 Hz, fEPSP slopes had decayed nearly to the reset baseline.
All sample traces were taken at time points A and B on graphs. Calibration
bars: 5 mV, 2 msec.

Drugs
A specific Epac agonist, 8-(4-chlorophenylthio)-2⬘-O-methylcAMP (8-pCPT, 100 µM; Axxora) (Enserink et al. 2002) was prepared as a concentrated stock solution at 50 mM in DMSO.
8-pCPT was applied to slices for a total duration of 15 min.
8-pCPT is highly membrane-permeant and can effectively and
selectively activate Epac in neuronal and non-neuronal cell lines
at the concentration and duration of application used here
(Enserink et al. 2002; Lin et al. 2003). The ␤-adrenergic receptor
agonist ISO [R(ⳮ)-isoproterenol (+)-bitartrate, 1 µM; SigmaAldrich Canada] was prepared daily as a 1 mM stock solution in
distilled water. ISO was applied to slices for a total duration of 15
min. A translation inhibitor, emetine (20 µM; Sigma-Aldrich
Canada), and a transcription inhibitor, ActD (25 µM; Bioshop
Canada) were prepared as concentrated stock solutions at 20 mM
in distilled water and 25 mM in DMSO, respectively. The concentrations of these inhibitors have been shown to be effective
for blocking macromolecular synthesis in hippocampal slices
(Stanton and Sarvey 1984; Nguyen et al. 1994). An ERK inhibitor,
U0126, (20 µM; Bioshop Canada) was prepared as a concentrated
stock solution at 20 mM in DMSO, and a PKA inhibitor KT-5720
(1 µM; Sigma) was prepared as a concentrated stock solution at 1
mM in DMSO. Each drug was diluted to its final concentration in
ACSF and bath applied. These drugs were applied 20 min before

pools of ERK, such that pretreatment with 8-pCPT activates this
pool of ERK, and no substantial further increase is possible with
subsequent tetanic stimulation. We observed that 8-pCPT–
enhanced LTP is blocked by a protein synthesis inhibitor and
thus is likely mediated by translational control mechanisms. This
finding supports the notion that activation of specific pools of
ERK, rather than global enhancement of ERK activation, is critical for expression of this form of LTP. Further research using
optical probes of Epac activity is needed to test this notion. Also,
development of specific pharmacological inhibitors of Epac, and
mouse knockouts of Epac, are needed to definitively prove that
Epac is required for synaptic plasticity. Presently, there are no
specific Epac inhibitors or genetically engineered mice that lack
Epac (Bos 2006).
Epac-dependent facilitation of LTP maintenance in the hipwww.learnmem.org
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drug-free ACSF controls. Dimmed light
conditions were used for drug experiments due to the light-sensitive nature
of some drugs.

Data analysis
PPF, I/O, and LTP were assessed in the
Schaeffer collateral pathway of hippocampal slices. For PPF analysis, Student’s
t-test was used to compare percentage facilitation between groups at each interpulse interval. I/O analysis was conducted by plotting presynaptic fiber volley amplitudes and fEPSP slopes, then
determining linear regression values.
Linear regressions between groups were
compared using Student’s t-test. For LTP
experiments, Student’s t-test was used to
statistically compare means of fEPSP
slopes between two groups 120 min after
the experimental protocol commenced.
Welch correction was applied when
standard deviations of compared groups
differed significantly. The Kruskal-Wallis
test followed by Dunn’s multiple comparisons was used to compare means of
three or more groups. Significance criteria was P < 0.05 in all cases. All values are
shown as mean Ⳳ SEM, with n indicating the number of slices.

Hippocampal slice preparation
and drug treatment for Western
blot analysis
Six- to 8-wk-old male C57BL/6 mice
were decapitated. Their brains were dissected rapidly and placed into ice-cold
cutting saline containing: 110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM
NaH2PO4, 28 mM NaHCO3, 5 mM Dglucose, 0.5 mM CaCl2, 7 mM MgCl2,
and 0.6 mM ascorbate, saturated with
95% O2/5% CO2. Then, 400-µm transverse slices were prepared with a tissue
chopper. Slices were transferred immediately into a 1:1 mix of cutting saline and
ACSF containing (in mM): 125 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4,
25 mM NaHCO3, 25 mM D-glucose, 2
mM CaCl2, and 1 mM MgCl2, saturated
with 95% O2/5% CO2 and maintained at
room temperature for at least 30 min.
The slices then were transferred to ACSF
at 32°C in a submersion chamber for 1.5
Figure 6. 8-pCPT enhances maintenance of chemically induced LTP. (A) Pairing 8-pCPT with 5-Hz
h before pharmacological stimulation.
stimulation has no long-term effect on synaptic strength. (B) Treatment with okadaic acid (OA), a
MEK inhibitor (U0126, 20 µM) was preprotein phosphatase inhibitor, permits the induction of decremental LTP in response to 5-Hz stimuincubated with the slices 30 min before
lation. (C) Application of ISO, a ␤-adrenergic agonist, or 8-pCPT during 5-Hz stimulation enhances
the addition of agonist. The samples
maintenance of LTP in OA-treated slices. (D) Treatment with OA does not alter LTP generated by
were collected following 10 min of base1 ⳯ 100 Hz stimulation. (E) Summary histogram comparing levels of potentiation 120 min after 5-Hz
line stimulation (vehicle), 5 min after
stimulation (*P < 0.05). All sample traces were taken at time points A and B on graphs. Calibration bars:
delivery of HFS (100 Hz, 1 sec) alone
5mV, 2 msec (3 mV, 2 msec for slices incubated in OA).
(HFS), and 5 min (HFS+drug) and 30 min
(30 min) after delivery of HFS paired
with the agonist. For experiments using
8-pCPT application, were present throughout 8-pCPT applicaa single train of 100-Hz high-frequency stimulation, we used an
tion, and were discontinued 10 min after 8-pCPT washout began.
8-wire Teflon-coated platinum stimulation electrode. The surface
The final concentration of DMSO did not affect basal synaptic
area of the electrode tip was placed within area CA3 during
transmission or LTP (data not shown). Sodium OA (1 µM; Sigma)
stimulation. Slices were immediately frozen on dry ice following
was prepared as a concentrated 1 mM stock solution in distilled
pharmacological manipulations. The CA1 subregions were miwater. Hippocampal slices were incubated in OA for 90–180 min
crodissected and stored at ⳮ80°C until assayed. CA1 subregions
before commencing experiments. Experiments were performed
from four to six slices were pooled for each experimental condiblind, with application of drug interleaved with application of
tion.
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Quantitative Western blot analysis
Equivalent amounts of protein for each sample were resolved in
10% SDS-polyacrylamide gels and transferred to polyvinlyidene
difluoride (PVDF) membranes. The PVDF membranes were incubated with reversible MemCode protein stain to confirm equal
loading and transfer. Membranes were blocked in Tris-buffered
saline containing 0.05% Tween 20 and 0.24% I-Block (Tropix)
and then incubated with phosphor-ERK antibody (1:5000 dilution; Cell Signaling) for 1 h at room temperature. This was followed by incubation with horseradish peroxidase–linked goat
anti-rabbit IgG (1:2500 dilution; Promega) for 1 h at room temperature. Membranes were developed using enhanced chemiluminescence (Amersham Biosciences). The bands of each Western
blot were quantified from film exposures in the linear range for
the phosphor-ERK antibody and normalized to the MemCode
membrane staining with densitometry using a desktop scanner
and NIH Image software to determine the amount of immunoreactivity. GraphPad Prism data analysis software was used for
graph production and statistical analysis. Statistical analysis via
paired t-test was used, with P < 0.05 as the significance criterion.
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