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[B-Adrenergic Receptor Activation Facilitates Induction of a
Protein Synthesis-Dependent Late Phase of Long-Term
Potentiation

Jennifer N. Gelinas' and Peter V. Nguyen'23
Departments of 'Physiology and 2Psychiatry and *Centre for Neuroscience, University of Alberta School of Medicine, Edmonton, Alberta, Canada T6G 2H7

Long-term potentiation (LTP) is activity-dependent enhancement of synaptic strength that can critically regulate long-term memory
storage. Like memory, LTP exhibits at least two mechanistically distinct temporal phases. Early LTP (E-LTP) does not require protein
synthesis, whereas the late phase of LTP (L-LTP), like long-term memory, requires protein synthesis. Hippocampal 3-adrenergic recep-
tors can regulate expression of both E-LTP and long-term memory. Although B-adrenergic receptor activation enhances the ability of
subthreshold stimuli to induce E-LTP, it is unclear whether such activation can facilitate induction of L-LTP. Here, we use electrophysi-
ological recording methods on mouse hippocampal slices to show that when synaptic stimulation that is subthreshold for inducing L-LTP
is paired with 3-adrenergic receptor activation, the resulting LTP persists for over 6 hin area CAl. Like L-LTP induced by multiple trains
of high-frequency electrical stimulation, this LTP requires protein synthesis. Unlike tetanus-induced L-LTP, however, L-LTP induced by
B-adrenergic receptor activation during subthreshold stimulation appears to involve dendritic protein synthesis but not somatic tran-
scription. Maintenance of this LTP also requires activation of extracellular signal-regulated kinases (ERKs). Thus, 3-adrenergic receptor
activation elicits a type of L-LTP that requires translation and ERK activation but not transcription. This form of L-LTP may be a cellular
mechanism for facilitation of behavioral long-term memory during periods of heightened emotional arousal that engage the noradren-

ergic modulatory system.

Key words: noradrenergic receptors; LTP; hippocampus; protein synthesis; memory; neuromodulation

Introduction
Enhancement of hippocampal synaptic strength [“long-term po-
tentiation” (LTP)] can critically regulate storage of information
in the mammalian brain (Bliss and Collingridge, 1993; Moser et
al., 1998; Martin et al., 2000; Brun et al., 2001; Nathe and Frank,
2003). Like behavioral memory, LTP exhibits at least two mech-
anistically distinct temporal phases (Davis and Squire, 1984;
Krug et al., 1984). Early LTP (E-LTP) does not require new pro-
tein synthesis, whereas the late phase of LTP (L-LTP), like long-
term memory, requires macromolecular synthesis (Davis and
Squire, 1984; Stanton and Sarvey, 1984; Deadwyler et al., 1987;
for review, see Huang et al., 1996; Kandel, 2001). Some forms of
L-LTP also require transcription (Nguyen et al., 1994). There is
strong correlative evidence that L-LTP contributes to hippocam-
pal consolidation of long-term memory (Doyere and Laroche,
1992; Bourtchouladze et al., 1994; Abel et al., 1997; Jones et al.,
2001; Genoux et al., 2002).

The ability of neuromodulatory transmitters to modify syn-
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aptic plasticity thresholds constitutes a form of activity-
dependent “metaplasticity” (Abraham and Bear, 1996). One neu-
romodulator that is prominent in the hippocampus is
noradrenaline. The hippocampus receives abundant innervation
from noradrenergic afferents (Loy et al., 1980). Activation of
B-adrenergic receptors is involved in enhancement of memory
after emotional experiences (McGaugh, 1989; Cahill et al., 1994).
Hippocampal B-adrenergic receptor activation can also initiate
signaling pathways known to be critical for LTP (Segal, 1982;
Stanton and Sarvey, 1985; Madison and Nicoll, 1986). Applica-
tion of B-adrenergic receptor agonists induces long-lasting
changes in synaptic strength in the perforant pathway (Dahl and
Sarvey, 1989) and also enhances LTP in the mossy fiber pathway
(Hopkins and Johnston, 1984, 1988; Huang and Kandel, 1996).
At Schaeffer collateral-commissural CA1 synapses, 3-adrenergic
receptor activation alone is insufficient to elicit LTP, but it does
enhance the effectiveness of subthreshold stimuli for inducing
LTP (Thomas et al., 1996; Katsuki et al., 1997). Specifically, low-
frequency stimulation (LFS) of Schaeffer collaterals in area CA1
of mouse hippocampal slices elicits robust E-LTP when applied
in the presence of isoproterenol (ISO), a B-adrenergic receptor
agonist (Thomas et al., 1996). In the absence of ISO, the same
stimulation elicits no persistent change in basal synaptic strength
(Thomas et al., 1996). Thus, activation of B-adrenergic receptors
lowers the threshold for induction of E-LTP (Hopkins and
Johnston, 1988; Thomas et al., 1996; Katsuki et al., 1997). Puta-
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tive mechanisms regulating this induction effect include the
cAMP/protein kinase A (PKA) system and the mitogen-activated
protein kinase (MAPK) cascade (Raman et al., 1996; Winder et
al., 1999). Specifically, it is unclear whether, and how, induction
and stabilization of CA1 L-LTP are regulated by B-adrenergic
receptors.

Does B-adrenergic receptor stimulation facilitate the induc-
tion and stabilization of L-LTP by subthreshold stimuli? If so,
does this form of L-LTP require transcription and translation?
We show here that activating B-adrenergic receptors during sub-
threshold electrical stimulation enhances induction and stabili-
zation of L-LTP. This L-LTP requires protein synthesis but not
transcription. Thus, our findings show that -adrenergic recep-
tors control metaplasticity of L-LTP by engaging local protein
synthesis.

Materials and Methods

Animals. Female C57BL/6 mice, 8—12 weeks of age (Charles River, Mon-
treal, Quebec, Canada) were used for all experiments. Animals were
housed at the University of Alberta using guidelines approved by the
Canadian Council on Animal Care.

Electrophysiology. After cervical dislocation and decapitation, trans-
verse hippocampal slices (400 wm thickness) were prepared as described
by Nguyen and Kandel (1997). Slices were maintained in an interface
chamber at 28°C and perfused (1-2 ml/min) with artificial CSF (ACSF)
composed of the following (in mm): 124 NaCl, 4.4 KCl, 1.3 MgSO,, 1.0
NaH,PO,, 26.2 NaHCO;, 2.5 CaCl,, and 10 glucose, aerated with 95%
0O, and 5% CO,. Extracellular field EPSPs (fEPSPs) were recorded with a
glass microelectrode filled with ACSF (resistances, 2-3 M) and posi-
tioned in the stratum radiatum of area CAl. fEPSPs were obtained by
stimulating the Schaeffer collateral-commissural fibers with a bipolar
nickel-chromium electrode (130 wm diameter). Stimulation intensity
(0.08 ms pulse duration) was adjusted to evoke fEPSP amplitudes that
were 40% of maximal size (Schimanski et al., 2002; Woo and Nguyen,
2003). Subsequent fEPSPs were elicited at the rate of once per minute at
this “test” stimulation intensity.

A second independent pathway within the stratum radiatum was
monitored during some experiments by placing a second bipolar stimu-
lating electrode in this region. The absence of paired-pulse facilitation,
when electrodes were activated by paired S1-S2 stimuli 75 ms apart, was
used as the criterion to determine stimulation of independent pathways.
For experiments on isolated CA1 dendrites, hippocampal slices were cut
in ice-cold ACSF and perfused in an interface chamber for 1 h. Two
incisions were then made under a dissecting microscope. One cut was
applied in the stratum radiatum, adjacent to the cell body layer of area
CA1, and another incision was created in area CA3 (Woo and Nguyen,
2003). Subsequently, slices were allowed to recover for an additional
hour in the interface chamber before recording commenced. The follow-
ing criteria were used to assess successful isolation of CA1 dendrites from
CALl pyramidal somata (Woo and Nguyen, 2003): (1) absence of a pop-
ulation spike when the recording electrode was placed at the cell body
layer and strong stimulation was applied in the stratum radiatum below
the cut; and (2) absence of a fEPSP in the stratum radiatum below the
incision when stimulation was applied at the basilar dendrites in the
stratum oriens.

LTP was induced by applying one train of high-frequency stimulation
(HFS; 100 Hz, 1 s duration at test strength). Depotentiation (DPT) was
induced by applying LFS consisting of 5 Hz for 3 min.

Drugs. The B-adrenergic receptor agonist ISO [R(—)-
isoproterenol(+)-bitartrate, 1 uM; Sigma, St. Louis, MO] and the
B-adrenergic receptor antagonist propranolol [(*)-propranolol hydro-
chloride, 50 um; Research Biochemicals, Natick, MA] were prepared
daily as concentrated stock solutions at 1 and 50 mw, respectively, in
distilled water. Two different inhibitors of protein synthesis, anisomycin
(25 wM; Sigma) and emetine (20 wMm; Sigma), were prepared as concen-
trated stock solutions at 25 mm in DMSO and 20 mw in distilled water,
respectively. Both anisomycin and emetine, at lower concentrations than
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those used here, blocked protein synthesis by >80% in hippocampal
slices (Stanton and Sarvey, 1984; Frey et al., 1988). The stock solution (25
mM) of a transcriptional inhibitor, actinomycin D (ACT-Dj; 25 um bath
concentration; Bioshop Canada, Burlington, Ontario, Canada), was pre-
pared in DMSO. At the bath concentration used here, ACT-D has been
shown to block transcription by >70% in hippocampal slices (Nguyen et
al,, 1994). A D,/D; antagonist, R(+)-7-chloro-8-hydroxy-3-methyl-1-
phenyl-2,3,4,5,-tetrahydro-1H-3-benzazepine (SCH 23390) (1 um;
Sigma), was prepared as a 1 mu stock solution in water. A MAPK antag-
onist, 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one (PD
98059) (50 uMm; Sigma), was prepared in DMSO at a concentration of 10
mw. Each drug was diluted in ACSF to the desired final concentration
and then bath applied. The final concentration of DMSO did not affect
either basal synaptic transmission or LTP (data not shown). ISO was
applied for a total duration of 15 min, starting 10 min before stimulation
protocols. Propranolol and PD 98059 were applied 30 min before ISO
application and were present during ISO application. Anisomycin, eme-
tine, ACT-D, and SCH 23390 were applied 20 min before ISO application
and were present throughout ISO application and 10 min after ISO ap-
plication. All drug experiments were performed under dimmed light
conditions because of the light sensitivity of drugs. Drug experiments
were interleaved with drug-free controls.

Data analysis. The initial slope of the fEPSP was measured as an index
of synaptic strength (Johnston and Wu, 1995). The average “baseline”
slope values were acquired over a period of 20 min before experimental
protocols were applied. fEPSP slopes were measured at 120 min after LFS
or HFS for comparisons of L-LTP. Student’s ¢ test was used for statistical
comparisons of mean fEPSP slopes between two groups, with a signifi-
cance level of p < 0.05. One-way ANOVA and Tukey—Kramer post hoc
tests were done for comparison of more than two groups to determine
which groups were significantly different from the others. The Welch
correction was applied in cases in which the SDs of groups being com-
pared were significantly different. All values shown are means *+ SEM,
with n = number of slices.

Results

B-Adrenergic receptor activation facilitates expression

of L-LTP

Activation of B-adrenergic receptors in the CA1 region of mouse
hippocampal slices has been shown to enhance induction of LTP
by stimulation protocols that normally have no persistent effect
on fEPSPs [for rat data in CA3 and CAl, see Hopkins and
Johnston (1988)] (Thomas et al., 1996; Katsuki et al., 1997). We
tested the idea that B-adrenergic receptor activation enhances
expression of L-LTP. Application of a B-adrenergic receptor ag-
onist, ISO (1.0 uMm), to hippocampal slices for 15 min induced a
small enhancement of synaptic transmission in area CAl that
faded soon after drug washout (Fig. 1 A) (fEPSPs were 105.3 =+
4.2% of baseline slopes 60 min after ISO application). Similarly, a
5 Hz stimulation for 3 min to the Schaeffer collateral-commis-
sural fibers in CA1 elicited only a transient depression of synaptic
transmission that quickly recovered to baseline levels (Fig. 1B)
(fEPSPs were 101.4 = 3.5% of baseline 60 min after a 5 Hz stim-
ulation). However, a 5 Hz stimulation delivered in the presence
of ISO induced LTP that persisted for >2 h (Fig. 1B) (fEPSPs
were potentiated to 151.5 = 10.9% 120 min after a 5 Hz stimula-
tion; p < 0.01 compared with 5 Hz alone). Because E-LTP can
decay within 2 h in these conditions (Huang and Kandel, 1994),
these results suggest that pairing 3-adrenergic receptor activation
with 5 Hz LFS elicits stable L-LTP. To test the idea that facilitation
of L-LTP expression by ISO depends on the induction protocol,
we examined LTP generated by one train of 100 Hz stimulation (1
s duration). This procedure induces E-LTP in mouse hippocam-
palslices (Duffy et al., 2001) (Fig. 1C) (fEPSPs were 102.3 = 5.5%
120 min after 100 Hz). When ISO was applied during the single
train, the persistence of LTP was enhanced (Fig. 1C) (fEPSPs were



3296 - J. Neurosci., March 30, 2005 - 25(13):3294-3303

potentiated to 155.4 = 14.1% 120 min after A,
100 Hz; p < 0.01 compared with 1 X 100 Hz
alone). Thus, B-adrenergic receptor activa-

tion enhances the ability of stimuli to induce
L-LTP. The combined data from both 5 Hz ’
and 1 X 100 Hz stimulation underscore the
idea that the enhancement of persistence of
LTP by B-adrenergic receptor activation is
not restricted to particular stimulation
protocols.
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ceptors, we applied a D,/D5 receptor an- 40 60
tagonist, SCH 23390. Induction and
maintenance of LTP elicited by pairing
ISO with a 5 Hz stimulation was not inhib-
ited in the presence of SCH 23390 (Fig.
2 B) (fEPSPs were potentiated to 158.8 *+
11.6% 120 min after a 5 Hz stimulation;
p > 0.5 compared with ISO plus 5 Hz
alone). These data show that ISO selec-
tively activates [3-adrenergic receptors to
establish LTP.

Induction of LTP in the presence of ISO and a 5 Hz stimula-
tion is dependent on the intracellular cAMP cascade (Raman et
al., 1996; Winder et al., 1999). However, the signaling pathways
involved in the facilitated maintenance of LTP by B-adrenergic
receptor activation are unknown. As a preliminary step toward
identifying these pathways, we examined the effects of a MAPK
inhibitor, PD 98059, on our 3-adrenergic-mediated L-LTP. Pair-
ing 1 X 100 Hz electrical stimulation with ISO application in the
presence of PD 98059 inhibited L-LTP (Fig. 2C) (fEPSPs were
108.9 * 6.6% 120 min after 1 X 100 Hz; p < 0.01 compared with
ISO plus 1 X 100 Hz alone). Because LTP induced by 1 X 100 Hz
stimulation is independent of the MAPK cascade (Winder et al.,
1999), our data suggest that 3-adrenergic receptor activation re-
cruits MAPKs to stabilize LTP.

Figure1.

B-Adrenergic receptor activation paired with subthreshold
stimulation renders L-LTP immune to DPT

DPT is activity-induced reversal of LTP that can occur during a
restricted time interval immediately after LTP induction (Barri-
onuevo et al., 1980; Staubli and Lynch, 1990; Fujii et al., 1991;
Bashir and Collingridge, 1994; Huang et al., 1999). LES, such as 5
Hz for 3 min, can elicit DPT (Staubli and Lynch, 1990; Fujii et al.,
1991; O’Dell and Kandel, 1994). Furthermore, susceptibility to
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B-Adrenergic receptor activation facilitates induction and enhances persistence of L-LTP. A, ISO application alone has
no long-lasting effects on synaptic strength (filled triangles). B, Pairing 5 Hz stimulation (for 3 min) with 150 application induces
L-LTP (filled squares), whereas 5 Hz stimulation alone induces only a transient decrease in synaptic strength (open circles). C,
Pairing one train of 100 Hz stimulation with SO application induces L-LTP (filled squares), whereas 100 Hz stimulation alone
induces only E-LTP (open circles). D, Summary histogram for these experiments (**p << 0.01). All sample traces were taken 10 min
after commencement of baseline recording and 120 min after stimulation protocol. Calibration: 5 mV, 2 ms.

DPT has been shown to depend on molecular mechanisms asso-
ciated with the maintenance of L-LTP (Barco et al., 2002; Woo
and Nguyen, 2002, 2003). Processes involved in the cellular con-
solidation of E-LTP to L-LTP can also confer immunity to DPT
(Woo and Nguyen, 2003).

Is L-LTP generated by pairing B-adrenergic receptor activa-
tion with LFS also immune to DPT? To address this question, we
paired ISO application with 5 Hz LFS to induce L-LTP, allowed
10 min for ISO washout, and then administered LFS (5 Hz for 3
min) in an attempt to depotentiate the L-LTP. We found that
L-LTP could not be persistently erased; fEPSPs recovered to pre-
DPT, potentiated values (Fig. 3A) (fEPSPs were 140.8 = 11.2%
and 143.9 = 9.0% before DPT and 120 min after DPT, respec-
tively; p > 0.5).

Next, we examined whether LTP induced by ISO application
paired with one train of HFS was similarly immune to DPT. LES
applied 10 min after one train of HFS alone caused an immediate
and persistent reversal of LTP (Fig. 3B) (fEPSPs were 133.0 =
8.0% and 101.0 * 4.4% before DPT and 120 min after DPT,
respectively; p < 0.01). However, application of ISO during one
train of HFS alters the properties of the induced LTP. In this case,
LTP did not persistently depotentiate, and it recovered to pre-
DPT values (Fig. 3B) (fEPSPs were 158.1 * 12.6% and 155.5 =
10.4% before DPT and 120 min after DPT, respectively; p > 0.5).
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whether L-LTP generated by activating
B-adrenergic receptors during 5 Hz LFS or
1 X 100 Hz stimulation resembles previ-
ously characterized forms of L-LTP by re-
quiring protein synthesis.

First, anisomycin, an inhibitor of
translation, was bath applied at a concen-
tration that inhibits >80% of protein syn-
thesis (Frey et al., 1988). L-LTP elicited by
pairing [3-adrenergic receptor activation
with 5 Hz LFS decayed in the presence of
anisomycin (Fig. 4A) (fEPSPs were
115.1 = 10.3% 120 min after LFS). To ex-
clude the possibility that the decay in LTP
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stimulation protocol. Calibration: 5mV, 2 ms.

Because pairing ISO with LFS induces LTP, it was important
to ensure that the ISO had been washed out before the LES given
for DPT. To test this assumption, we administered I1SO for 15
min, allowed 10 min for drug washout, then applied 5 Hz LFS to
mimic the DPT stimulus. We found that in this situation, the LFS
did not induce LTP (Fig. 3C) (fEPSPs were 104.7 = 5.8% 30 min
after LFS). Therefore, a 10 min interval is sufficient to allow for
drug washout, and DPT experiments were not confounded by
interaction of the 5 Hz DPT stimulus with ISO. Activation of
B-adrenergic receptors thus triggers pathways that not only facil-
itate induction and expression of L-LTP but make this L-LTP
immune to persistent reversal by depotentiating stimuli.

Protein synthesis is required for L-LTP induced by
PB-adrenergic receptor activation paired with

subthreshold stimulation

De novo protein synthesis is a hallmark of L-LTP. Whereas E-LTP
is protein synthesis independent, L-LTP requires protein synthe-
sis for its maintenance (Stanton and Sarvey, 1984; Deadwyler et
al., 1987; Frey et al., 1988; Nguyen and Kandel, 1996; for review,
see Huang et al., 1996; Kandel, 2001). Furthermore, studies have
shown that protein synthesis is required for synaptic immunity to
DPT (Woo and Nguyen, 2003). We therefore investigated

60

LTP elicited by ISO application during subthreshold stimulation requires 3-adrenergic receptors and MAPK but not
dopamine receptors. 4, Application of propranolol inhibits LTP generated by pairing 5 Hz stimulation with IS0 application (filled
triangles). B, Application of SCH 23390 does not inhibit LTP generated by pairing 5 Hz stimulation with ISO application (filled
squares). €, Application of PD 98059 inhibits the maintenance of LTP induced by pairing T > 100 Hz stimulation with 1S0
application (filled squares). All sample traces were taken 10 min after commencement of baseline recording and 120 min after
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) X could be attributed to effects of anisomy-
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cin unrelated to protein synthesis, we re-
peated this experiment using another
translational inhibitor, emetine. Bath ap-
plication of emetine likewise inhibited
L-LTP when ISO was administered during
5 Hz LFS (Fig. 4B) (fEPSPs were 107.6 =
8.9% 120 min after LFS). An ANOVA that
compared fEPSPs 120 min after conjoint
ISO application and LFS in the presence of
anisomycin, emetine, or no drug demon-
strated significant differences between
groups (Fg, 30y = 4.695; p < 0.02). Subse-
quent Tukey—Kramer post hoc tests revealed
that both anisomycin and emetine signifi-
cantly inhibited L-LTP ( p < 0.05). Further-
more, the anisomycin and emetine groups
did not significantly differ from each other
in their impairment of L-LTP ( p > 0.05).

L-LTP induced by pairing B-adrenergic
receptor activation with one train of HFS
also required protein synthesis. Bath appli-
cation of emetine caused L-LTP to gradually
decay (Fig. 4C) (fEPSPs were 107.6 = 2.6%
120 min after 100 Hz; p < 0.01 compared
with ISO plus 1 X 100 Hz alone). Therefore,
like L-LTP generated by multiple trains of HFS, protein synthesis is
required for L-LTP induced by the activation of B-adrenergic recep-
tors during stimulation that normally does not induce protein
synthesis-dependent L-LTP. Previous studies have shown that the
protein synthesis inhibitors used do not affect hippocampal slice
viability (Stanton and Sarvey, 1984; Frey et al., 1988). Our second
pathway data also show that inhibition of protein synthesis does not
affect basal synaptic transmission in hippocampal slices, consistent
with these previous reports (Krug et al., 1984; Frey et al., 1988;
Nguyen et al., 1994; Scharf et al., 2002).

Somatic transcription is not required for L-LTP induced by
B-adrenergic receptor activation paired with

subthreshold stimulation

Studies of long-term synaptic plasticity have focused on the roles
of gene expression at the transcriptional level (Sossin, 1996; Mar-
tin and Kosik, 2002; Deisseroth et al., 2003). Transcription is
needed for expression of some forms of L-LTP (Abraham et al.,
1993; Nguyen et al., 1994; Frey et al., 1996; Nayak et al., 1998;
Jones et al., 2001; Ying et al., 2002). We therefore investigated
whether L-LTP initiated by pairing B-adrenergic receptor activa-
tion with LFS requires transcription. We used a transcriptional
inhibitor, ACT-D, at a concentration (25 um) that has been



3298 - J. Neurosci., March 30, 2005 - 25(13):3294-3303

Gelinas and Nguyen e Noradrenergic Receptors and Late Phase of LTP

shown to block transcription by >70% in A, B.

hippocampal slices (Nguyen et al., 1994). 01SO+5Hz depo, =9 0ISO+Ix100Hz | # 1x100Hz

Bath application of ACT-D did not inhibit . , depo, n=8 , depo, n=12

L-LTP induced by ISO paired with LES

(Fig. 5A) (fEPSPs were 157.7 * 12.1% at : J 5mv ’

120 min after LES), indicating that tran- _ oms _

scription is not necessary for this form of Ezso Bt

L-LTP. L-LTP produced by pairing £ 200 By Y !x100Hz

B-adrenergic receptor activation with one Eé E

train of HFS is also independent of tran- s A s e :

scription. Application of ACT-D did not < 100 Qe < 100 Mgl _ i iandte

inhibit L-LTP induced by this stimulation & | 2 -

protocol (Fig. 5B) (fEPSPs were 151.9 * b ® W 5Hz 3min & m SHz, 3min

12.0% 120 min after 100 Hz; p > 0.05 & o =)

compared with ISO plus 100 Hz alone). 0 20 40 GOTime (m::;) 120 140 160 0 20 40 60Tinfg (m;:;) 120 140 160
We hypothesized that dendritic protein

synthesis may be critical for L-LTP gener- C D

ated in this manner. To test this idea, we re- ' ' Bl 5efore Depo

corded from slices containing isolated CA1 IS0 i it 55 [ ] AferDepo

pyramidal cell dendrites that were created by '

applying two small cuts in the stratum radia- AN 180 * %

tum, adjacent to the cell body layers of areas 5 160

CA1 and CA3 (Woo and Nguyen, 2003). 2250 < 10

Slices prepared in this manner allowed fEP- % - ;: 120

SPs to be recorded from isolated, “de- i E 100

somatized” CA1 dendrites (Frey et al., 1989; £ 150 ;3 80

Woo and Nguyen, 2003). Although these g . g 60

slices exhibited smaller maximal fEPSP am- g ; 40

plitudes (ranging from 1 to 3 mV) than in- ; 50 = IS0 1pM B g

tact slices, they were still capable of robust & o W Sz 2mn § .

potentiation. When ISO was bath applied to 0 20 40 60 8 100 120 140 160 1SO+5Hz  1SO+Ix100Hz  1x100Hz

Time (min)

these cut slices and paired with 5 Hz LFS,
long-lasting potentiation was observed (Fig.
5C) (fEPSPs were 141.6 * 10.5% 120 min
after 5 Hz stimulation). Therefore, intact
communication from the cell body layer to
the dendrites is not required for expression
of L-LTP generated by pairing B-adrenergic
receptor activation with LFS.

However, it is possible that cutting hip-
pocampal slices may alter the cellular state
such that ISO application increases synaptic strength in a protein
synthesis-independent manner. To exclude this possibility, we ap-
plied the protein synthesis inhibitor emetine during ISO plus 5 Hz
stimulation in cut slices. As observed in uncut slices, emetine inhib-
ited the L-LTP in cut slices (Fig. 5D) (fEPSPs were 105.7 = 7.6% 120
min after 5 Hz stimulation). Therefore, LTP observed in the cut slice
preparation is similarly dependent on protein synthesis.

ANOVA analysis followed by Tukey—Kramer post hoc analyses
demonstrated no significant differences between results obtained
from intact slices treated with ACT-D, cut slices with ISO and 5
Hz LFS, and intact slices with ISO and 5 Hz. However, these slice
treatments all were significantly different from cut slices treated with
ISO, emetine, and 5 Hz. (Fig. 5E) (F 5 55, = 5.432; p < 0.01). When
considered alongside our results of Figure 4, these data suggest that
local, dendritic translation is needed for expression of L-LTP by
conjoint activation of 3-adrenergic receptors and LFS.

Figure 3.

L-LTP induced by 3-adrenergic receptor activation paired
with subthreshold stimulation does not exhibit a late
transcriptional component

In some slice preparations, L-LTP has been shown to lastup to 8 h
(Frey et al., 1996). This L-LTP demonstrates a dependence on

B-Adrenergic receptor activation paired with subthreshold stimulation renders LTP immune to DPT. 4, LFS given 10
min after 5 Hz stimulation in the presence of ISO did not persistently erase LTP (open squares). B, LFS given 10 min after 1 < 100
Hz stimulation in the presence of IS0 did not persistently erase LTP (open squares). In contrast, when LFS was applied 10 min after
1100 Hz stimulation alone, persistent DPT was observed (filled circles). C, LFS given after IS0 application and washout did not
persistently alter synaptic strength (open triangles). D, Summary histogram for these experiments comparing fEPSP slopes mea-
sured immediately before depotentiating LFS with fEPSP slopes obtained 120 min after depotentiating LFS (**p << 0.01). All
sample traces were taken 10 min after commencement of baseline recording and 120 min after depotentiating LFS stimulation.
depo, Depotentiation. Calibration: 5 mV, 2 ms.

transcription that is not evident until ~5 h after tetanus (Frey et
al., 1996). In light of this data, we investigated whether our form
of L-LTP is similarly long-lasting and dependent on transcription
at extended time periods after induction. We observed that con-
joint application of ISO and 5 Hz stimulation produced nondec-
remental LTP that was maintained for at least 6 h (Fig. 6 A) (fEP-
SPswere 149.9 = 16.4% 360 min after 5 Hz). The duration of this
form of L-LTP is therefore comparable with the duration of HFS-
induced L-LTP observed in hippocampal slices. Application of
ACT-D had no effect on the maintenance of L-LTP at this time
point (Fig. 6 B, fEPSPs were 152.9 *+ 13.3% 360 min after 5 Hz).
Figure 6C compares the potentiation observed between slices
treated with and without ACT-D in the presence of ISO plus 5 Hz
at various times after induction. These data show that activation
of B-adrenergic receptors during LFS produces L-LTP, which is
stable in the absence of substantial transcription for at least 6 h.
Overall, our results indicate that pairing 3-adrenergic recep-
tor activation with subthreshold electrical stimulation is suffi-
cient to induce long-lasting LTP. This form of LTP can be classi-
fied as “late phase” because of its requirement for protein
synthesis, its immunity to DPT, and its nondecremental mainte-
nance for at least 6 h. However, this L-LTP differs from HFS-
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quickly and persistently to subthreshold

A, Application of anisomycin (Aniso) caused L-LTP generated by pairing 5 Hz LFS with ISO to decay to levels significantly below
drug-free controls (filled squares). The addition of anisomycin did not alter basal synaptic transmission in a second independent
pathway that did not receive 5 Hz LFS (filled triangles). B, Application of emetine also caused L-LTP generated by pairing 5 Hz LFS
with 150 to decay (filled squares). The addition of emetine did not alter basal synaptic transmission in a second independent
pathway that did not receive 5 Hz LFS (filled triangles). Note that transmission in these second pathways was increased in the
presence of anisomycin or emetine and 1S0; this increase was attributable to 150 (see Fig. 14). C, Application of emetine caused
L-LTP generated by pairing 1 X 100 Hz stimulation with ISO to decay (filled squares). The addition of emetine again did not
significantly alter basal synaptic transmission above the transient increase in synaptic strength caused by 150 application (filled
triangles). D, Summary histogram comparing effects of anisomycin and emetine on 5 Hz LFS paired with ISO application (*p <
0.05). All sample traces were taken 10 min after commencement of baseline recording and 120 min after stimulation protocol.

Calibration: 5 mV, 2 ms.

induced L-LTP because it is independent of somatic transcription
and instead requires local, dendritic protein synthesis. Our re-
sults show further that the properties of this L-LTP are generated
by B-adrenergic receptor activation and depend on the down-
stream initiation of the MAPK cascade.

Discussion

Neuromodulatory transmitters play critical roles in regulating
activity-dependent synaptic plasticity (Moody et al., 1999; Mann
and Greenfield, 2003; van Dam et al., 2004). Neuromodulators
such as noradrenaline can alter the sensitivity of LTP to electrical
activity. Such biochemically mediated metaplasticity (cf. Abra-
ham and Tate, 1997) can shift the plasticity induction profiles of
synapses. Our results reveal that pharmacological activation of
B-adrenergic receptors enhances maintenance of LTP induced by
weak electrical stimulation. This facilitation appears to require
dendritic protein synthesis. Activation of noradrenergic recep-
tors may therefore enable hippocampal neurons to respond

A. B. . . .
OISO+SHz,n=8 = ®ISO+Aniso+SHz 0 [SO+5Hz, n=8 | *ISO+Emetine synaptic stimulation (Thomas et al,
n=13 A+5sz n=10 1996).
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8 8 B . . .
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R A1SO+Aniso, =3 — T g b ulation Prodgces LTP, whlch shares many
2250 2 250 properties with tetanus-induced L-LTP.
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Z 50 — fs%e [I';]ewzo” M E “ is not necessary for this form of L-LTP.
z 2 Dendritic translation appears to be
# 00 0 40 60 8 100 150 140 160 0 SO +Emetine ISO+Anisa 1SO+SHz needed to stabilize this L-LTP, because
Time (min) +5Hz +5Hz emetine selectively inhibited long-term
stability of L-LTP in slices containing iso-
Figured.  L-LTP induced by B-adrenergic receptor activation paired with subthreshold stimulation requires protein synthesis.  ]ated dendrites. Multiple trains of HFS de-

livered to isolated dendrites in mouse hip-
pocampal slices elicit LTP that decays
shortly after tetanus (Woo and Nguyen,
2003). This decay might be caused by the
inability of transcriptionally generated
protein products to reach the synapse.
Our results suggest that some forms of
LTP may initiate maintenance and coun-
teract decay processes using only dendritic
translation products.

L-LTP, like long-term memory, is char-
acterized mainly by its extended duration
and dependence on protein synthesis (Davis and Squire, 1984; Mc-
Gaugh, 2000). B-Adrenergic receptor activation induces expression
of these properties in response to electrical stimulation protocols
that normally are unable to elicit long-term changes in synaptic
strength. Stimulation of B-adrenergic receptors therefore appears to
initiate a form of L-LTP. Tetanus-induced L-LTP also requires tran-
scription (Nguyen et al., 1994), whereas our form of LTP is indepen-
dent of transcription, even at extended time points. However, recent
lines of research demonstrate that translational regulation may make
important contributions to stability of long-lasting changes in syn-
aptic efficacy (Kelleher et al., 2004b). For example, activation of
metabotropic glutamate receptors in the hippocampus induces late-
phase long-term depression (L-LTD), which is insensitive to tran-
scriptional inhibition (Huber et al., 2001). In agreement with our
findings, this form of L-LTD reinforces the notion that translation of
preexisting mRNAs can be sufficient to maintain a late phase of

synaptic plasticity.
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Evidence for cellular machinery tosup- A,
port a specific role of dendritic translation
in long-term synaptic plasticity has been .
found. Indeed, polyribosome complexes
located in dendrites (Steward and Levy,
1982; Steward, 1983) mediate local pro-
tein synthesis in hippocampal dendrites
(Steward et al., 1996). Although many of
the mRNAs translated in dendrites remain
uncharacterized, those that have been
identified exhibit a broad range of func-
tions, suggesting that local dendritic
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activation? How do they interact with each
other?

L-LTP induced by HFS requires tran-
scription (Abraham et al., 1993; Nguyen et
al., 1994; Frey et al., 1996; Nayak et al,,
1998; Jones et al., 2001; Ying et al., 2002;
for review, see Steward and Schuman,
2001). Interestingly, various studies sug-
gest a role for local protein synthesis in
LTP that requires activation of neuro-
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modulatory receptors rather than strong 0
electrical stimulation. Application of
brain-derived neurotrophic factor and
neurotrophin-3 to hippocampal slices
produces L-LTP that requires dendritic
protein synthesis (Kang and Schuman,
1996). Also, whereas application of the
muscarinic agonist carbachol, or electrical
stimulation, alone does not engage de novo
protein synthesis, the combination of
both elicits dendritic translation (Feig and
Lipton, 1993). These observations parallel
our results observed when B-adrenergic
receptor activation is combined with LFS.
Altogether, our data suggest that L-LTP
mediated by B-adrenergic receptor activa-
tion requires local protein synthesis but
not somatic transcription. Multiple forms
of long-lasting synaptic plasticity exist,
and our findings add to a growing body of
evidence that certain neuromodulators
can induce a late phase of plasticity that
bypasses transcriptional processes.
Plasticity processes that require trans-
lation but not transcription also exist in
many invertebrate systems. Intermediate phase synaptic facilita-
tion (ITF) in Aplysia requires new protein, but not mRNA, syn-
thesis (Ghirardi et al., 1995; Mauelshagen et al., 1996). Similar
intermediary phenomena have been observed in crayfish and
Lymnaea (Beaumont et al., 2001; Sangha et al., 2003). L-LTP
induced by pairing B-adrenergic receptor activation with sub-
threshold stimulation resembles ITF in its selective requirement
of protein synthesis. Activation of neuromodulatory afferents
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L-LTPinduced by 3-adrenergic receptor activation paired with subthreshold stimulation is independent of transcrip-
tion. A, Application of ACT-D did not inhibit L-LTP elicited by pairing 5 Hz with 150 (filled squares). B, Application of ACT-D did not
inhibit L-LTP elicited by pairing 1 X 100 Hz stimulation with ISO (filled squares). €, Application of ISO during 5 Hz generated L-LTP
inisolated CAT pyramidal cell dendrites (filled squares). D, Application of emetine to cut slices treated with IS0 and 5 Hz inhibited
the maintenance of L-LTP (filled triangles). £, Summary histogram comparing effects of applying ACT-D and emetine to isolated
CA1 pyramidal dendrites (cut slices) (**p << 0.01). All sample traces were taken 10 min after commencement of baseline recording
and 120 min after stimulation protocol. Calibration for cut slices: 2 mV, 2 ms. Calibration for intact slices: 5 mV, 2 ms.

may therefore be a translation-dependent mechanism to selec-
tively recruit pathways that rapidly engage long-lasting, rather
than transient, changes in synaptic efficacy.

Invivo, different neuromodulators can act together to mediate
cellular events. Noradrenaline and dopamine both initiate pro-
tein synthesis-dependent L-LTP in the hippocampus when
paired with subthreshold stimulation (Huang and Kandel, 1995),
although these effects may depend on concentrations of the ap-



Gelinas and Nguyen e Noradrenergic Receptors and Late Phase of LTP

A.

J o ISO+5Hz, n=11

A
SmV
B

2ms

200

-
o
o

(o))
o

ISO 1uM
M 5Hz, 3min

fEPSP Slope (% of initial baseline)
=)
o

0
0 50 100 150 200 250 300 350 400
Time (min)
B.
= [SO+ActD+5Hz,
n=7
~ 250
£
=
=
k)
S
&
2 m ActD 25uM
2 50 { mm 1SO 1uM
= B 5Hz, 3min
0
0 50 100 150 200 250 300 350 400
Time (min)
C. B 150+5Hz
[ 180+ActD+5Hz
200 7
2
£150 1
=
E
3100 4
o\°1OO
by
o)
175
% 50 1
Ay
2
0 - T T 1
2 hrs 4 hrs 6 hrs
Time post-SHz
Figure6. L-LTPinduced by B-adrenergicreceptor activation paired with subthreshold stim-

ulation does not exhibit a late transcriptional component. A, Application of IS0 during 5 Hz
stimulation induces L-LTP, which lasts for at least 6 h (open circles). B, L-LTP is maintained for at
least 6 h when ACT-D is applied during ISO plus 5 Hz stimulation (filled squares). ¢, Summary
histogram comparing potentiation levels of slices treated with or without ACT-D at various time
points. All sample traces were taken 10 min after commencement of baseline recording and 120
min after stimulation protocol. Calibration: 5 mV, 2 ms.

plied agonist and stimulation protocols used (Swanson-Park et
al., 1999). However, our data with the B-adrenergic antagonist
propranolol and D,/D5 dopamine antagonist SCH 23390 indi-
cate that application of ISO induces L-LTP that is selectively de-
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pendent on B-adrenergic receptor activation. Genetic knock-out
studies conducted by Winder et al. (1999) further suggest that
this effect is mediated by Bl-adrenergic receptors only. These
results raise the question of how noradrenaline and dopamine,
which have similar effects on LTP, are differentially regulated.

Dopamine is required for L-LTP in area CAl and has been
linked to downstream cAMP response element-binding protein
activation (Huang and Kandel, 1995; Otmakhova and Lisman,
1996; Pittenger et al., 2002). During behavior, activation of do-
paminergic receptors may play a permissive role in initiating
transcriptional pathways linked to L-LTP and memory. Nor-
adrenaline is not necessary for L-LTP in CA1l (Stanton and
Sarvey, 1985), and our results suggest that some of its outcomes
are regulated by dendritic translation. It is possible that emotion-
ally charged stimuli that trigger the noradrenergic system could
engage translational mechanisms to enhance association and re-
tention of stimuli that are initially subthreshold for activation of
dopamine receptors.

How does B-adrenergic receptor activation link to protein
synthesis and LTP maintenance? B-Adrenergic receptors have
been shown to stimulate PKA via the cAAMP pathway. PKA is also
critical for L-LTP, and its downstream targets include transcrip-
tion factors (Madison and Nicoll, 1986; Dunwiddie et al., 1992;
Thomas et al., 1996; Abel et al., 1997; Brown et al., 2000). How-
ever, [-adrenergic receptors also activate the MAPK cascade
(Winder et al., 1999; Giovannini et al., 2001). Our data indicate
that this cascade may be selectively critical for the late phase of
some forms of B-adrenergic LTP. Furthermore, recent evidence
implicates MAPKSs in translational control of synaptic plasticity
(Kelleher et al., 2004a). This pathway may be important for signal
transduction from the B-adrenergic receptor to protein synthesis
and LTP maintenance. Additional mechanistic research is re-
quired to investigate this connection.

Is enhancement of L-LTP by B-adrenergic receptor activation
relevant to long-term memory? Both L-LTP and long-term mem-
ory require new protein synthesis (Davis and Squire, 1984; Mc-
Gaugh, 2000). Interestingly, the B-adrenergic neuromodulatory
system plays a crucial role in enhancement of memory, especially
during periods of heightened emotional arousal (McGaugh,
1989; Cahill etal., 1994). Recent evidence suggests that noradren-
aline may be particularly important in the complex events under-
lying memory retrieval (Murchison et al., 2004). Regardless of
specific contributions to acquisition, consolidation, or retrieval,
it is clear that B-adrenergic receptor activation can importantly
regulate memory processing.

Noradrenaline exerts its effects at several sites, including the
amygdala and forebrain (Moore and Bloom, 1979). However, the
importance of hippocampal area CAl for rapid encoding of
events that comprise “episodic memory” (Eichenbaum, 2000)
indicates that hippocampal B-adrenergic receptor activation is
crucial for initiating long-term memory storage and/or retrieval.
Although the conclusion that L-LTP in general is a cellular mech-
anism for long-term memory storage remains debatable, there is
strong correlative evidence to support this idea (Doyere and La-
roche, 1992; Bourtchouladze et al., 1994; Abel etal., 1997; Jones et
al., 2001; Genoux et al., 2002). Our results lead us to speculate
that enhancement of L-LTP by pairing (-adrenergic receptor
activation with LFS may contribute to noradrenergic enhance-
ment of memory observed in previous studies (McGaugh, 1989;
Cahill et al., 1994). Such enhancement of long-term memory
might be initiated by synthesis of synaptically localized proteins,
a process implicated in stabilization and enhancement of L-LTP
(Barco et al., 2002; Kelleher et al., 2004a,b).
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