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Activation of ␤-adrenergic receptors (␤-ARs) enhances hippocampal memory consolidation and long-term
potentiation (LTP), a likely mechanism for memory storage. One signaling pathway linked to ␤-AR activation is the
cAMP-PKA pathway. PKA is critical for the consolidation of hippocampal long-term memory and for the expression
of some forms of long-lasting hippocampal LTP. How does ␤-AR activation affect the PKA-dependence, and
persistence, of LTP elicited by distinct stimulation frequencies? Here, we use in vitro electrophysiology to show that
patterns of stimulation determine the temporal phase of LTP affected by ␤-AR activation. In addition, only specific
patterns of stimulation recruit PKA-dependent LTP following ␤-AR activation. Impairments of PKA-dependent LTP
maintenance generated by pharmacologic or genetic deficiency of PKA activity are also abolished by concurrent
activation of ␤-ARs. Taken together, our data show that, depending on patterns of synaptic stimulation, activation
of ␤-ARs can gate the PKA-dependence and persistence of synaptic plasticity. We suggest that this may allow
neuromodulatory receptors to fine-tune neural information processing to meet the demands imposed by numerous
synaptic activity profiles. This is a form of “metaplasticity” that could control the efficacy of consolidation of
hippocampal long-term memories.

The hippocampus importantly contributes to memory function
in the mammalian brain (Zola-Morgan et al. 1986; Eichenbaum
et al. 1990; Otto and Eichenbaum 1992; Phillips and LeDoux
1992; Remondes and Schuman 2004). It has reciprocal connections with numerous cortical areas, including those responsible
for high-level integration of spatial and contextual data from the
external environment (Lavenex and Amaral 2000). As such, the
hippocampus is well positioned to receive and survey a broad
range of information and select behaviorally salient data for
long-term storage. Activity-dependent enhancement of hippocampal synaptic strength can store information carried in patterns of afferent neural activity (Bliss and Collingridge 1993;
Moser et al. 1998; Nathe and Frank 2003; Whitlock et al. 2006).
Substantial evidence suggests that long-term potentiation (LTP)
of synaptic strength plays important roles in the formation of
long-term memory (LTM) (Doyere and Laroche 1992; Bourtchuladze et al. 1994; Abel and Lattal 2001; Genoux et al. 2002). As
such, mechanistic studies of LTP have shed valuable light on how
the mammalian brain stores new information.
The hippocampus receives dense noradrenergic projections
from the locus coeruleus, a brain structure that can influence many
vital brain functions, including attention, sleep, arousal, mood
regulation, learning, and memory (Berridge and Waterhouse
2003). Both ␣- and ␤-adrenergic receptor subtypes are present on
hippocampal neurons (Morrison and Foote 1986; Berridge and

Waterhouse 2003), and noradrenaline (NA) acts on hippocampal
␤-adrenergic receptors (␤-ARs) to facilitate the retention and recall of memory (Izquierdo et al. 1998; Ji et al. 2003; Murchison et
al. 2004). In humans, stimulation of the noradrenergic neuromodulatory system enhances memory for emotional stimuli, and
inhibition of ␤-ARs prevents this memory enhancement (Cahill
et al. 1994; van Stegeren et al. 1998; O’Carroll et al. 1999).
Consistent with the notion that selective enhancement of
LTM may occur following ␤-AR activation, stimulation of ␤-ARs
can also facilitate the persistence of LTP. In areas CA3 and CA1,
␤-AR activation facilitates the induction of long-lasting LTP
when paired with certain patterns of electrical stimulation
(Huang and Kandel 1996; Gelinas and Nguyen 2005). However,
the mechanisms by which different patterns of stimulation control synaptic responsiveness to ␤-AR activation are unclear.
␤-ARs couple to guanine-nucleotide-binding regulatory Gs
proteins to stimulate adenylyl cyclase activity and increase intracellular cAMP (Seeds and Gilman 1971; Maguire et al. 1977). A
main target of cAMP signaling is activation of cAMP-dependent
protein kinase (PKA), a kinase that is required for some forms of
long-lasting LTP and for consolidation of hippocampal LTM
(Frey et al. 1993; Abel et al. 1997; Nguyen and Woo 2003). Interestingly, the PKA-dependence of hippocampal LTP displays
plasticity: Specific temporal patterns of synaptic stimulation,
such as repeated and temporally spaced 100-Hz stimulation,
elicit LTP that requires PKA for its expression (Woo et al. 2003).
Also, spatial “enrichment” can increase the PKA-dependence of
LTP in mice, and this is correlated with improved hippocampal
memory function (Duffy et al. 2001). However, it is unclear
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␤-AR activation rescues LTP elicited by repeated 100-Hz
stimulation in hippocampal slices of R(AB) mutant mice
and in wild-type slices treated with a PKA inhibitor

whether activation of ␤-ARs can critically gate the PKAdependence of LTP. In this study, we examine the effects of ␤-AR
activation on LTP generated by various patterns of afferent
stimulation in area CA1 of the hippocampus, and we determine
the role of PKA in these ␤-AR-modulated forms of LTP.

We first investigated the effects of ␤-AR activation on CA1 LTP
induced by application of a strong tetanus protocol, consisting of
four trains of 100-Hz high-frequency stimulation (HFS) with a
5-min inter-train interval. This LTP is long lasting and requires
PKA (Abel et al. 1997; Woo et al. 2003). We found that application of a ␤-AR agonist, isoproterenol (ISO), did not alter the induction or the maintenance of this LTP in wild-type slices (Fig.
1A; 5 min after HFS, mean field excitatory postsynaptic potential [fEPSP] slopes were 206 Ⳳ 7% in slices treated with ISO and
four trains of HFS, P > 0.5 compared with 205 Ⳳ 14% in slices
treated with four trains of HFS alone; 120 min after HFS, mean
fEPSP slopes were 177 Ⳳ 11% in slices treated with ISO and four
trains of HFS, P > 0.5 compared with 182 Ⳳ 17% in slices treated
with four trains of HFS alone). Thus, ␤-AR activation does not
affect the expression of LTP induced by a strong tetanus protocol.
Furthermore, blockade of ␤-ARs has not been shown to impair
expression of this LTP (Murchison et al. 2004; Schimanski et al.
2007).
However, when hippocampal PKA activity was genetically
reduced, activation of ␤-ARs potently enhanced the maintenance
of this form of LTP. Because R(AB) mice have genetically reduced

Results
Activation of ␤-ARs in area CA1 of the hippocampus can modulate synaptic responses to electrical stimulation. Because specific
patterns of neural activity are thought to encode spatial and contextual information in the mammalian brain, we hypothesized
that activating ␤-ARs could differentially affect the encoding and
retention of synaptic information by modulating the expression
of LTP elicited by different patterns of electrical stimulation. One
important way of modulating the expression of LTP is to control
the maintenance of LTP by gating its dependence on key signaling cascades. ␤-ARs have been importantly linked to stimulation
of Gs proteins and subsequent signaling through the cAMP–PKA
pathway. To explore the relationship between ␤-AR activation,
PKA-dependence of LTP, and specific patterns of electrical stimulation, we studied “R(AB)” mutant mice. These mice express an
inhibitory form of the RI␣ regulatory subunit of PKA (Abel et al.
1997), and they display a 10-fold reduction of basal hippocampal
PKA activity (Young et al. 2006).

Figure 1. Activation of ␤-adrenergic receptors rescues impairments of LTP maintenance generated by genetic PKA deficiency. (A) In wild-type mice,
application of ISO does not alter LTP generated by four trains of HFS. (B) In mutant mice, maintenance of LTP generated by four trains of LTP is impaired.
Application of ISO significantly enhances the maintenance of this LTP. (C) Summary histogram showing that initial potentiation levels are not affected
by application of ISO during four trains of HFS in wild-type or mutant mice. (D) Summary histogram showing that the maintenance of LTP is significantly
enhanced by ISO application in mutant mice only (*P < 0.05). All sample traces were taken 10 min after commencement of baseline recording and 120
min after HFS. Calibration: 5 mV, 2 msec.
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levels of PKA activity, they display a selective impairment of LTP maintenance
following four trains of 100-Hz HFS
(Abel et al. 1997; Woo et al. 2002). Two
hours after four trains of HFS, mean
fEPSP slopes were 116 Ⳳ 7% in slices
from R(AB) mice, compared with
182 Ⳳ 17% in wild-type littermates
(P < 0.01) (Fig. 1B). Stimulation of ␤-ARs
with ISO during application of strong
tetanus in R(AB) mice rescued this LTP
by boosting potentiation to levels seen
in slices from wild-type mice (Fig. 1B;
mean fEPSP slopes were 175 Ⳳ 14% two
hours after HFS).
Does ␤-AR activation also affect LTP
in wild-type slices treated with a PKA inhibitor? Treatment with an inhibitor of
PKA, KT5720, during four trains of HFS
in slices from wild-type C57BL/6 mice
impaired maintenance of LTP. Two
hours after HFS, mean fEPSP slopes were
107 Ⳳ 9% in KT5720-treated slices,
compared with 158 Ⳳ 10% in slices
treated with four trains of HFS alone
(P < 0.01; Fig. 2B). Consistent with data
obtained from the R(AB) mice, pairing
ISO application with four trains of HFS
restored LTP maintenance (Fig. 2B;
mean fEPSP slopes were 157 Ⳳ 12% two
hours after HFS, P > 0.5 compared with
four trains of HFS alone). ISO application did not affect the amount of potentiation generated by four trains of HFS,
but slices treated with KT5720 and ISO
displayed enhanced maintenance of LTP Figure 2. Activation of ␤-adrenergic receptors abolishes impairments of LTP maintenance generated
by pharmacologic PKA deficiency. (A) Four trains of HFS generate long-lasting LTP. (B) Application of
compared with slices treated with
KT5720 alone. Taken together, these re- KT5720 causes LTP elicited by four trains of HFS to decay to levels significantly below KT5720-free
sults suggest that, although LTP gener- controls. Application of ISO enhances the maintenance of this LTP. (C) Summary histogram for these
experiments (*P < 0.05, **P < 0.01). All sample traces were taken 10 min after commencement of
ated by a strong tetanus protocol is un- baseline recording and 120 min after HFS. Calibration: 5 mV, 2 msec.
affected by activation of ␤-ARs, stimulation of these receptors can rescue LTP
train of HFS alone). Thus, pairing ␤-AR activation with one train
that was disrupted by genetically or pharmacologically induced
of HFS enhances the maintenance of LTP but not short-term
inhibition of PKA activity.
potentiation.
This weak tetanus stimulation protocol also generated stable
␤-AR activation boosts maintenance of LTP induced
LTP in the R(AB) mice that was not significantly different from
by one 100-Hz train in wild-type and R(AB) mutant
LTP generated in slices from wild-type littermates (Fig. 3C,D).
slices
Thus, we further examined the PKA-dependency of this ␤-ARApplication of one train of 100-Hz HFS induces a form of LTP
enhanced LTP by probing the effects of three different PKA inthat is relatively short lasting and does not require PKA (Huang
hibitors: KT5720 (1 µM), Rp-cAMPs (60 µM), and myristoylated
and Kandel 1994; Duffy et al. 2001). This form of LTP can be
membrane-permeant PKI (20 µM). None of these inhibitors sigconverted to long-lasting, protein synthesis-dependent LTP by
nificantly affected ␤-AR-enhanced maintenance of LTP in
activation of ␤-ARs (Gelinas and Nguyen 2005). We next asked
C57BL/6 mice. Mean fEPSP slopes two hours after HFS were
whether ␤-AR activation can enhance this weaker form of LTP
134 Ⳳ 10% for slices treated with KT5720 and ISO, and
during genetic or pharmacologic inhibition of PKA. We found
146 Ⳳ 11% for slices treated with ISO and one train of HFS alone
that pairing application of ISO with one train of HFS elicited
(Fig. 4A; P > 0.4). Slices treated with Rp-cAMPs were potentiated
robust, long-lasting LTP in slices from wild-type mice (Fig. 3A;
to 160 Ⳳ 17% two hours after ISO and HFS, compared with
120 min after HFS, mean fEPSP slopes were 195 Ⳳ 19% in slices
154 Ⳳ 19% in slices treated with ISO and HFS alone (Fig. 4B;
treated with ISO and one train of HFS, P < 0.01 compared with
P > 0.7). Similarly, PKI had no effect on LTP induced by pairing
103 Ⳳ 10% in slices treated with one train of HFS alone). HowISO with one train of HFS (Fig. 4C; mean fEPSP slopes were
ever, activation of ␤-ARs during this form of electrical stimula146 Ⳳ 6% in slices treated with PKI, ISO and one train of HFS
tion did not significantly enhance initial levels of potentiation
compared with 152 Ⳳ 4% in slices treated with ISO and one train
(“short-term potentiation”) (Fig. 3A; 5 min after HFS, mean fEPSP
of HFS alone; P > 0.5). Thus, LTP induced by pairing one train of
slopes were 214 Ⳳ 16% in slices treated with ISO and one train of
HFS with ␤-AR activation does not require PKA for its full expresHFS, P > 0.2 compared with 168 Ⳳ 22% in slices treated with one
sion.
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Figure 3. Slices from R(AB) mice exhibit intact ␤-adrenergic receptor-dependent enhancement of
LTP maintenance. (A) In slices from wild-type mice, application of ISO during one train of HFS induces
long-lasting LTP, whereas one train of HFS alone induces decremental LTP. (B) Application of ISO
during one train of HFS in mutant slices similarly induces long-lasting LTP. (C) Summary histogram for
these experiments comparing levels of potentiation 5 min after HFS. (D) Summary histogram for these
experiments comparing levels of potentiation 120 min after HFS (*P < 0.05). All sample traces were
taken 10 min after commencement of baseline recording and 120 min after HFS. Calibration: 5 mV, 2
msec.

␤-AR activation elicits an increase
in complex spiking that requires
activation of NMDA receptors,
but not PKA or mTOR signaling

CA1 pyramidal cells produce complex action potential firing patterns during 5-Hz stimulation of Schaeffer collaterals in hippocampal slices, and this complex spiking is significantly increased
by ␤-AR activation (Thomas et al. 1998). These spikes likely activate NMDA receptors by amplifying postsynaptic depolarization; blockade of NMDA receptors effectively reduces LTP induced by 5-Hz LFS during ␤-AR activation (Thomas et al. 1996).
Thus, attenuated complex spiking may be a mechanism for the
reduction of this form of LTP seen here following inhibition of
PKA and mTOR signaling. It is unknown whether activation of
PKA or mTOR signaling is required for complex spiking during 3
min of 5-Hz stimulation in the presence of ISO. To address this
question, we measured the total numbers of complex spikes from
fEPSP traces obtained during 3 min of 5-Hz LFS. We found that
treatment of slices with ISO during this LFS significantly increased the numbers of complex spikes elicited during this stimulation (466 Ⳳ 85 in ISO, n = 14 vs. 196 Ⳳ 68 in controls, n = 11;
P < 0.05; Fig. 7A,B). In slices treated with a PKA inhibitor, KT5720 (Fig. 7C), no significant change in total numbers of complex spikes was seen (337 Ⳳ 105 in KT-5720, n = 11, P > 0.3 compared with the ISO group). Similarly, rapamycin treatment (Fig.

␤-AR activation enables induction of persistent
PKA-dependent LTP at a frequency of stimulation
that is normally subthreshold for eliciting LTP
Activation of ␤-ARs can facilitate LTP induction by patterns of
electrical stimulation that are normally unable to potentiate synaptic strength. Application of low-frequency stimulation (LFS) (5
Hz for 3 min) does not persistently alter synaptic strength
(Thomas et al. 1996; Woo and Nguyen 2002). However, coapplication of ISO with LFS establishes long-lasting LTP (Thomas
et al. 1996; Winder et al. 1999; Gelinas and Nguyen 2005). Indeed, we found that pairing ISO with LFS in wild-type slices potentiated mean fEPSP slopes to 201 Ⳳ 17% 15 min after LFS (Fig.
5A). This potentiation persisted for at least 120 min after LFS,
indicating that activation of ␤-ARs during LFS also enhances LTP
maintenance. However, in mutant R(AB) mice, induction of this
form of LTP was blunted (Fig. 5B; mean fEPSP slopes were
143 Ⳳ 9% 15 min after LFS, P < 0.05 compared with wild types).
Thus, decreased PKA activity impairs, but does not abolish, potentiation generated by pairing ␤-AR activation with LFS.
Similarly, pharmacologic inhibition of PKA with KT5720
www.learnmem.org

partially attenuated LTP induced by
pairing ISO with LFS in C57BL/6 slices
(Fig. 6A; mean fEPSP slopes were
131 Ⳳ 13% 15 min after LFS when
KT5720 was applied, compared with
180 Ⳳ 12% in the absence of KT5720;
P < 0.05). These results are consistent
with other studies (Thomas et al. 1996;
Winder et al. 1999), indicating that this
form of LTP is partially dependent on
PKA signaling. Thus, we then investigated other signaling cascades that
could contribute to this form of ␤-ARenhanced LTP. Inhibition of extracellular signal-regulated kinase (ERK) has
been shown to partially block LTP generated by pairing ISO application with
LFS (Giovannini et al. 2001). We found
that pharmacologic inhibition of mammalian target of rapamycin (mTOR) with
rapamycin completely blocked induction of this LTP (Fig. 6B; mean fEPSP
slopes were 97 Ⳳ 6% 15 min after LFS
when rapamycin was applied; P < 0.001
compared with ISO + LFS alone). Additionally, NMDA receptor blockade by
APV prevented full expression of this
form of ␤-AR-enhanced LTP (Fig. 6C;
mean fEPSP slopes were 126 Ⳳ 10% 15
min after LFS when APV was applied;
P < 0.05 compared with ISO + LFS
alone). This dependence on NMDA receptor activation is consistent with previous findings (Thomas et al. 1996).
Thus, PKA and mTOR signaling, along
with NMDA receptor activation upstream of these signaling pathways, are
critical for the expression of LTP elicited
by pairing activation of ␤-ARs with LFS.
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phase (induction or maintenance) of
LTP is enhanced by ␤-AR activation, and
they also influence which signaling cascades are recruited downstream of the
␤-AR. We show that transgenic R(AB)
mice can be used to elucidate the role of
PKA following ␤-AR activation. Overall,
our data suggest that neuromodulatory
receptors, such as the ␤-AR, interact with
electrical activity to regulate information processing at the synapse.
␤-AR stimulation during a strong,
multi-train tetanus protocol did not affect the induction or maintenance of
LTP, suggesting that this form of LTP is
insensitive to modulation by ␤-ARs. Because application of repeated 100-Hz
HFS strongly stimulates calcium influx
and subsequent generation of cAMP via
Ca2+-stimulated adenylyl cyclase (Ferguson and Storm 2004), it is possible that
downstream signaling mechanisms activated by ␤-ARs are saturated by this type
of electrical stimulation and are unable
to further enhance potentiation. On the
other hand, application of a weak tetanus protocol would not saturate these
mechanisms, allowing for ␤-ARdependent enhancement of LTP. Indeed, pairing ␤-AR activation with a
weak tetanus protocol enhances the
maintenance of LTP but not short-term
potentiation. Taken together, our data
Figure 4. ␤-Adrenergic receptor-dependent enhancement of LTP maintenance does not require
demonstrate that activation of ␤-ARs
PKA. (A) Application of KT5720 does not inhibit maintenance of LTP elicited by pairing ISO with one
train of HFS. (B) Application of Rp does not inhibit maintenance of LTP elicited by pairing ISO with HFS.
can contribute to different temporal
(C) Similarly, application of PKI does not inhibit maintenance of LTP elicited by pairing ISO with HFS.
phases of synaptic plasticity.
(D) Summary histogram for these experiments comparing levels of potentiation 120 min after HFS. All
If PKA activity is genetically or
sample traces were taken 10 min after commencement of baseline recording and 120 min after HFS.
pharmacologically decreased during
Calibration: 5 mV, 2 msec.
strong multi-train HFS, maintenance of
this LTP is inhibited. Interestingly, if ␤7D) did not significantly alter the numbers of spikes elicited
ARs are activated in slices from PKA-deficient R(AB) mice, the
during 3 min of 5-Hz LFS (284 Ⳳ 64 in rapamycin, n = 13,
maintenance of LTP generated by strong HFS is rescued. Thus,
P > 0.08 compared with the ISO group). In contrast, APV signifiactivation of ␤-ARs can abolish deficiencies in LTP resulting from
cantly reduced the numbers of spikes (Fig. 7E; 57 Ⳳ 25, n = 9,
deficits in PKA signaling, perhaps by recruiting other signaling
P < 0.01).
cascades. There is evidence that ␤-ARs can recruit extracellular
These findings indicate that PKA and mTOR signaling are
signal-regulated kinase (ERK) and mammalian target of rapamynot critical for controlling cell excitability when 3 min of 5-Hz
cin (mTOR) signaling cascades (Gelinas and Nguyen 2005;
LFS is paired with ␤-AR activation, leading to enhancement of
Gelinas et al. 2007), both of which are implicated in the longLTP. Interestingly, a previous study has shown that inhibition of
term stability of LTP induced by multi-train 100-Hz stimulation
ERK during this stimulation protocol does significantly reduce
(Tang et al. 2002; Kelleher et al. 2004; Sweatt 2004). Although we
the number of complex spikes generated (Winder et al. 1999).
have not shown that ERK and mTOR are needed for the rescue of
The results support the notion that the critical sites of action of
multi-train 100-Hz LTP in R(AB) mutants, it is likely that these
PKA and mTOR occur downstream of spiking mechanisms, probsignaling cascades are involved, because LTP induced by ISO
ably at the level of translation (see Gelinas et al. 2007), whereas
combined with one 100-Hz train elicits significantly increased
ERK may be involved in regulation of postsynaptic excitability as
activation of ERK and mTOR signaling that is well correlated with
well. NMDA receptor activation is necessary for maintaining the
the magnitude of LTP (Gelinas et al. 2007). Consistent with this,
increased complex spike firing normally seen during this LFS.
we found that LTP elicited by pairing ␤-AR activation with one
Thus, increased complex spiking is not only a consequence of
100-Hz train did not require PKA signaling. Genetic or pharma␤-AR activation that enables postsynaptic depolarization and
cologic inhibition of PKA during generation of this LTP did not
NMDA receptor activation critical for enhancing LTP, but this
affect the subsequent induction or maintenance of LTP. Alincreased complex spiking requires NMDA receptor activation.
though PKA is a main downstream target of cAMP signaling
(Beebe 1994; Nguyen and Woo 2003), PKA-independent activaDiscussion
tion of ERK and mTOR signaling cascades has been demonOur data reveal that synaptic responses to ␤-AR activation are
strated. For example, activation of 5-HT7A receptors results in
critically affected by the pattern of electrical stimulation. Patstimulation of cAMP-regulated guanine exchange factors (cAMPterns of afferent electrical activity determine which temporal
GEFs) (Johnson-Farley et al. 2005). Thus, direct coupling of cAMP
www.learnmem.org
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in the hippocampus in vivo (Otto et al.
1991; Stewart et al. 1992). LFS at 5 Hz
mimics the endogenous firing patterns
of hippocampal neurons. The signaling
cascades recruited, and synaptic responses generated, following ␤-AR activation during 5-Hz LFS in vitro may accurately replicate the subcellular actions
of NA on ␤-ARs in vivo. NA promotes
hippocampal electroencephalograhic
patterns within the theta frequency
range, while suppressing gammafrequency oscillations (Brown et al.
2005). Furthermore, LTP induced by tetanic stimuli correlates strongly with behavioral learning (Whitlock et al. 2006)
and the formation of hippocampal
memory (Doyere and Laroche 1992;
Bourtchuladze et al. 1994; Abel et al.
1997). Because synaptic responses to
␤-AR activation are sensitive to the pattern of applied electrical stimulation in
vitro, it is likely that the patterning of
afferent activity also influences the effects of ␤-AR activation on LTP and information storage in vivo.
Our results indicate that activation
of ␤-ARs potently modulates LFSinduced forms of synaptic plasticity, enhancing both the induction and maintenance of LTP generated by LFS. Thus,
release of NA and subsequent ␤-AR activation can facilitate the storage of information that may not normally be encoded or retained. Such a mechanism
could explain the increased clarity and
strength of memories formed during
times of intense emotions when NA release is increased (Cahill et al. 1994). Our
results have shed new light on how ␤-AR
activation interacts with patterns of neuFigure 5. Induction of ␤-adrenergic receptor-dependent LTP generated by LFS is inhibited by genetic reduction of PKA activity. (A) In slices from wild-type mice, pairing ISO with LFS generates robust
ral activity and signal transduction pathLTP. (B) In slices from mutant R(AB) mice, induction of this LTP is significantly decreased. (C) Summary
ways to control the expression of persishistogram for these experiments comparing levels of potentiation 15 min after LFS (*P < 0.05). All
tent synaptic plasticity that may imporsample traces were taken 10 min after commencement of baseline recording and 15 min after LFS.
tantly contribute to information storage.
Calibration: 5 mV, 2 msec.
Additionally, because memory enhancement is a key goal of many cognitive reto intracellular signaling pathways, such as ERK, via cAMP-GEFs,
habilitation programs, our finding that ␤-AR activation can gate
may occur downstream of the ␤-AR receptor to enhance the
the dependence of synaptic plasticity on PKA, which is a key
maintenance of LTP.
requirement for making new long-term memories, may provide
PKA is critical for LTP induction when a ␤-AR agonist is
novel insights on potential molecular drug targets for reducing
paired with 5-Hz LFS. PKA inhibitors significantly blunt this form
memory deficits resulting from neurodegenerative diseases.
of LTP. Some residual potentiation is maintained, suggesting that
other signaling cascades may contribute to this form of LTP. This
Materials and Methods
residual potentiation was present regardless of whether genetic
or pharmacologic methods were used to decrease PKA activity.
Animals
We found that inhibition of mTOR signaling completely abolFemale C57BL/6 mice (aged 8–13 wk; Charles River, Montreal,
ished LFS-induced LTP, and previous studies indicate that ERK
Canada) were used for all experiments unless otherwise indisignaling is also critical (Winder et al. 1999). Taken together, our
cated. Experiments were also performed on transgenic R(AB)
results suggest that ␤-ARs recruit PKA during LFS, whereas other
mice (aged 6–10 mo) and age-matched wild-type littermate consignaling cascades may be engaged by stronger forms of synaptic
trols. These mice are maintained in a hemizygous state on a
stimulation. Our data also establish that multiple signaling casC57BL6/J background and were derived from genetic line 426
cades interact, in an activity-sensitive manner, to generate percharacterized for R(AB) transgene expression, synaptic physiolsistent synaptic plasticity that is modulated by ␤-ARs.
ogy, and behavior (Clegg et al. 1987; Abel et al. 1997; Young et al.
What specific patterns of afferent activity occur in vivo?
2006). Genotyping was performed by Southern blot using a preField potential oscillations in the range of 3–12 Hz are observed
viously described transgene-specific probe (Abel et al. 1997). All
www.learnmem.org
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Figure 6. ␤-Adrenergic receptor-dependent enhancement of LTP induction during LFS requires PKA and mTOR. (A) Application of ISO during LFS
induces long-lasting LTP. Co-application of KT5720 significantly blunts induction of this LTP. (B) Co-application of Rap completely blocks induction of
this LTP. (C) APV, an NMDA receptor blocker, significantly attenuated expression of this LTP. (D) Summary histogram for these experiments comparing
potentiation levels 15 min after LFS (*P < 0.05, **P < 0.01). All sample traces were taken 10 min after commencement of baseline recording and 15 min
after LFS. Calibration: 5 mV, 2 msec.

Drugs

mice were housed under guidelines set forth by the Canadian
Council on Animal Care and IACUC.

The ␤-AR agonist, isoproterenol [ISO; R(ⳮ)-isoproterenol (+)bitartrate, 1 µM; Sigma-Aldrich] was prepared daily as a 1 mM
stock solution in distilled water. The PKA inhibitors, KT5720 (1
µM; Sigma) and Rp-cAMPs (60 µM; Sigma), were prepared as concentrated stock solutions at 1 mM and 60 mM in DMSO, respectively. Myristoylated PKA inhibitor amide 14–22 (PKI; Calbiochem) was prepared as a 1 mM stock solution in water and used
at a bath concentration of 20 µM. 2-Amino-5-phosphonopentanoic acid (D,L-APV; Sigma), an NMDA receptor antagonist,
was prepared as a concentrated stock solution in distilled water
and diluted to 50 µM in ACSF. After dilution in ACSF, all drugs
were bath-applied at a perfusion rate of 1–2 mL/min. The concentrations of PKA inhibitors used here have been shown to effectively block PKA activity in in vitro hippocampal preparations
(Huang et al. 2004; Pita-Almenar et al. 2006). Experiments were
performed in dimmed light conditions because of drug photosensitivity.

Electrophysiology
Following cervical dislocation and decapitation of the mice, hippocampi were isolated and transverse slices (400 µM) were cut
using a McIlwain slicer (Stoelting). Slices were transferred to an
interface recording chamber maintained at 28°C. Oxygenated artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 4.4
mM KCl, 1.5 mM MgSO4, 1.0 mM NaH2PO4, 26 mM NaHCO3, 10
mM glucose, 2.5 mM CaCl2 was used for dissection and perfusion. Slices were allowed to recover from slicing for at least an
hour before recordings were attempted. Stimulation of Schaeffer
collaterals in stratum radiatum elicited fEPSPs, which were recorded with a glass microelectrode positioned in stratum radiatum of area CA1. Baseline test stimuli were applied once per
minute at a stimulus intensity set to induce 40% of maximal
fEPSP amplitude (0.08-msec pulse width). Electrical stimulation
protocols used included LFS (5 Hz for 3 min), and HFS consisting
of either one train of 100-Hz (1 sec duration) or four trains of 100
Hz (1 sec duration, 5-min inter-train interval). fEPSPs were monitored with test stimuli for 2 h after induction of LTP. For measurements of numbers of complex spikes elicited during 5-Hz,
3-min stimulation, we followed procedures described in Winder
et al. (1999). To count complex spikes on our fEPSP traces during
LFS, we excluded the first peak of the fEPSP (Winder et al. 1999);
as such, our data likely underestimated the total numbers of
spikes.
www.learnmem.org

Data analysis
We compared inter-group levels of LTP two hours after LTP induction using initial slope of the fEPSP as an index of synaptic
strength (Johnston and Wu 1995). For LTP and complex spiking
experiments, two-tailed, unpaired Student’s t-tests were used for
statistical comparison between two groups, with Welch correction if standard deviations were significantly different between
groups. One-way ANOVA and Tukey-Kramer post-hoc tests were
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Figure 7. ␤-Adrenergic receptor-dependent enhancement of complex spiking requires NMDA receptor activation but not PKA or mTOR signaling. (A)
In control slices, 3 min of 5-Hz stimulation (LFS) elicits a modest amount of complex spiking. (B) In the presence of ISO (1 µM), complex spiking was
increased significantly. (C) Treatment with KT5720, a PKA inhibitor, did not significantly alter the numbers of complex spikes elicited during LFS in ISO.
(D) Rapamycin, an mTOR inhibitor, also did not significantly alter total numbers of spikes. (E) APV significantly reduced the total numbers of complex
spikes elicited during LFS. See Results section for mean values of total spike numbers. (F) Summary histogram of total numbers of complex spikes elicited
during LFS in these conditions (*P < 0.05, **P < 0.01). Numbers of spikes were counted from individual fEPSP sweeps across the 3-min period of LFS.
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used when comparing three or more groups. When standard deviations differed between multiple groups, the Kruskal-Wallis test
with post-hoc Dunn’s multiple comparisons tests were used. The
significance criterion was P < 0.05 in all cases. Data are reported
as mean Ⳳ SEM, with n equal to the number of slices.
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