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Development/Plasticity/Repair

Cholinergic-Mediated IP;-Receptor Activation Induces
Long-Lasting Synaptic Enhancement in CA1 Pyramidal
Neurons

David Fernandez de Sevilla,' Angel Ntifiez,> Michel Borde,' Roberto Malinow,> and Washington Buiio!
nstituto Cajal, Consejo Superior de Investigaciones Cientificas, 28002 Madrid, Spain, 2Departamento de Anatomia, Histologfa y Neurociencia, Facultad de
Medicina, Universidad Auténoma de Madrid, 28029 Madrid, Spain, and *Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

Cholinergic- glutamatergic interactions influence forms of synaptic plasticity that are thought to mediate memory and learning. We
tested in vitro the induction of long-lasting synaptic enhancement at Schaffer collaterals by acetylcholine (ACh) at the apical dendrite of
CA1 pyramidal neurons and in vivo by stimulation of cholinergic afferents. I vitro ACh induced a Ca>* wave and synaptic enhancement
mediated by insertion of AMPA receptors in spines. Activation of muscarinic ACh receptors (mAChRs) and Ca>" release from inositol
1,4,5-trisphosphate (IP;)-sensitive stores were required for this synaptic enhancement that was insensitive to blockade of NMDA recep-
tors and also triggered by IP; uncaging. Activation of cholinergic afferents in vivo induced an analogous atropine-sensitive synaptic
enhancement. We describe a novel form of synaptic enhancement (LTP,,; ) that is induced in vitro and in vivo by activation of mAChRs.
We conclude that Ca** released from postsynaptic endoplasmic reticulum stores is the critical event in the induction of this unique form

of long-lasting synaptic enhancement.
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Introduction

Activity-dependent long-term modifications in synaptic efficacy
are thought to be the cellular basis of memory and learning, but
the causal mechanisms of these synaptic changes are still contro-
versial and more diverse than previously considered. Insuffi-
ciently explored examples are the interactions between different
neurotransmitter systems in synaptic plasticity. Cholinergic—
glutamatergic interactions can influence forms of synaptic plas-
ticity in the hippocampus (Aigner, 1995; Ovsepian et al., 2004)
that may underlie cognitive processes (Blokland, 1995; Has-
selmo, 1999; Shinoe et al., 2005), and lesions of the septohip-
pocampal cholinergic projections produce cognitive deficits.
Septohippocampal afferents release acetylcholine (ACh) and
trigger the hippocampal theta rhythm (Dudar, 1977) that has
been related to learning and memory (Huerta and Lisman, 1995;
Hoffman et al., 2002). Protracted activation of muscarinic ACh
receptors (mAChRs) may induce increases in glutamatergic syn-
aptic efficacy (Auerbach and Segal, 1994, 1996), suggesting that
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cholinergic activity may be central in memory encoding (Has-
selmo, 1999).

The production of inositol 1,4,5-trisphosphate (IP5) induced
by mAChR activation triggers the major mechanism of Ca**
release from endoplasmic reticulum (ER) stores in CA1 pyrami-
dal neurons (Power and Sah, 2002). M1 and M3 mAChRs are
coupled to phospholipase C (PLC) and via heterotrimeric
G-protein  (G,/11)  hydrolyze phosphatidylinositol ~ 4,5-
bisphosphate, producing IP; and diacylglycerol (Abe etal., 1992).
IP; activates IP; receptors (IP;Rs) that induce Ca*™ release from
IP;-sensitive ER stores. The rise in intracellular Ca*" may regu-
late a number of processes, including synaptic plasticity (Rose
and Konnerth, 2001; Bardo et al., 2006), that are thought to occur
in dendritic spines, as was initially advanced by Ramoén y Cajal
(1891).

Because a rise in postsynaptic Ca®" can lead to synaptic en-
hancement (Zucker, 1999; Rose and Konnerth, 2001), we tested
the synaptic effects in vitro of a brieflocal application (puff) of the
natural transmitter ACh at the apical dendrites of CA1 pyramidal
cells and of in vivo activation of septohippocampal cholinergic
afferents. We report that ACh induced both a slow Ca** wave
that propagates along the apical dendritic shaft and a long-lasting
enhancement of Schaffer collateral (SC) EPSCs. Activation of M1
mAChRs and release of Ca®" from IP,-sensitive stores are re-
quired to induce this long-lasting synaptic enhancement that we
called LTP ;. LTP,p5 is insensitive to block of NMDA receptors
(NMDARs) and is paralleled by an increased expression of
AMPA receptors (AMPARs) in spines. This novel IP;-dependent
form of synaptic enhancement requires Ca”" release from ER


https://core.ac.uk/display/33021089?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1470 - J. Neurosci., February 6, 2008 - 28(6):1469 —1478

stores without the need of correlated presynaptic—postsynaptic
action potentials.

Materials and Methods

Procedures of animal care, surgery, and slice preparation were in accor-
dance with the guidelines laid down by the European Communities
Council. The procedures will be described briefly because they have been
extensively detailed previously (Borde et al., 1995; Fernandez de Sevilla
and Buno, 2003).

Slice preparation. Young Wistar rats (14—16 d of age) were decapitated,
and the brain was removed and submerged in cold (~4°C) artificial CSF
(ACSF; in mm: 124.00 NaCl, 2.69 KCl, 1.25 KH,PO,, 2.00 Mg,S0,, 26.00
NaHCO3, 2.00 CaCl,, and 10.00 glucose). The pH was stabilized at 7.4 by
bubbling the ACSF with carbogen (95% O,, 5% CO,). Picrotoxin (50
uM) was added to the ACSF to block GABA ,-mediated inhibition. In
these conditions, abnormal epileptiform activity was never observed in
our sample. Transverse hippocampal slices (300—350 wm thick) were cut
with a Vibratome (Pelco 3000; Pelco, St. Louis, MO) and incubated in the
ACSF (>1 h, at room temperature, 20—22°C). Slices were transferred to
a2 ml chamber fixed to an upright microscope stage (BX51WT; Olympus,
Tokyo, Japan) equipped with infrared differential interference contrast
video microscopy and a 40X water-immersion objective. Slices were
superfused with carbogen-bubbled ACSF (2 ml/min) and maintained at
room temperature. In some cases, experiments at higher temperatures in
the more physiological range of 32°C were also performed. bL-2-Amino-
5-phosphonovaleric acid (APV; 50 um), 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX; 20 u™m), (+)-a-methyl-4-carboxyphenylglycine
(MCPG; 1 mm), atropine (0.3 um), pirenzepine (75 nm), methoctramine
(1 M), methyllycaconitine (MLA; 0.1 um; in some cases, higher doses of
MLA, up to 125 uMm, were used), thapsigargin (1 um), and tetrodotoxin
(TTX; 100 nm) were added to the ACSF as needed. Thapsigargin was
dissolved in DMSO (0.01%). DMSQO at the final concentrations used had
no effects on synaptic responses or postsynaptic conductances (n = 3).

Recordings and analysis. Whole-cell recordings from soma of CA1 py-
ramidal cells were performed with patch pipettes (4—8 MQ)) filled with
an internal solution that contained (in mm) 135 K-MeSO,, 10 HEPES, 0.2
EGTA, 2 Na,-ATP, and 0.4 Na;-GTP, buffered to pH 7.2-7.3 with KOH.
In some experiments, the intracellular solutions contained heparin (5
mg/ml), ruthenium red (400 um), or 1,2-bis (0-aminophenoxy) ethane-
N,N,N',N’-tetraacetic acid (BAPTA; 50 mwm). Recordings were per-
formed in the voltage-clamp mode using a Cornerstone PC-ONE ampli-
fier (DAGAN, Minneapolis, MN). Pipettes were placed with a hydraulic
micromanipulator (Narishige, Tokyo, Japan). The holding potential
(V,,) was adjusted to —60 mV, and the series resistance was compensated
to ~80%. Neurons were accepted only when the seal resistance was >1
GQ) and the series resistance (10—-20 M()) did not change >10% during
the experiment. Data were high-pass filtered at 3.0 kHz and sampled at
10.0 kHz, through a Digidata 1322A (Molecular Devices, Sunnyvale,
CA). The pClamp programs (Molecular Devices) were used to generate
stimulus timing signals and transmembrane current pulses, and to
record and analyze data. EPSCs were evoked by stimulation of SC with a
nichrome bipolar electrode (60 wm diameter; tip separation, ~100 um)
placed in the stratum radiatum ~100-200 wm from the soma of the
recorded neuron. A Grass S88 and SIU (Quincy, MA) generated the
stimulation pulse protocols. Stimulation intensity was adjusted to evoke
EPSC amplitudes between 30 and 60 pA. Brief, localized, ACh puffs (300
ms duration) were applied through a pipette (tip diameter, ~5 um)
loaded with ACh (1 mm) and connected to a Picospritzer II (General
Valve, Fairfield, NJ). The pipette tip was placed during the puff with a
hydraulic micromanipulator (Narishige) close (~20-50 um) to the api-
cal dendritic shaft ~20 uwm from the soma of the recorded CA1 pyrami-
dal neuron and withdrawn from the tissue immediately after the puff.
Chemicals were purchased from Sigma-Aldrich Quimica (Madrid,
Spain), Tocris Bioscience (Ellisville, MO; distributed by Biogen Cienti-
fica, Madrid, Spain), and Alomone Labs (Jerusalem, Israel).

Ca®* imaging and photolysis of caged IP;. Simultaneous electrophysi-
ology recordings and intracellular Ca*" imaging were obtained. The
latter was performed by fluorescence microscopy with the Ca** indica-
tor fluo-3 (Invitrogen, Eugene, OR). Patch pipettes were filled with the
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internal solution containing 50—-100 um fluo-3. Imaging experiments
were performed after a 10—15 min stabilization period that allowed the
equilibration of the dye in the soma and apical dendritic shaft. Cells were
illuminated during 40 ms every 200 ms at 490 nm with a monochromator
(Polychrome IV; TILL Photonics, Planegg, Germany), and successive
images were obtained at 5s ~ ' with a cooled monochrome CCD camera
(Cohu 4920; San Diego, CA) attached to the Olympus microscope that
was equipped with a filter cube (Chroma Technology, Rockingham, VT)
optimized for fluo-3. Camera control, synchronization with electrophys-
iological measurements, and quantitative epifluorescence measurements
were made with the ImagingWorkbench software (INDEC-BioSystems,
Santa Clara, CA). Changes in fluorescence signals were expressed as the
proportion (percentage) of relative change in fluorescence (AF/F),
where F, is the prestimulus fluorescence level when the cell is at rest and
AF is the change in fluorescence during activity. Plots of Ca’™ signal
variations versus time were obtained “off-line” at specified regions of
interest from stored image stacks and expressed as AF/F,. Corrections
were made for indicator bleaching during trials by subtracting the signal
measured under the same conditions when the cell was not stimulated.
The off rate of fluo-3 is fast enough to detect Ca®" decay time constants
of ~80 ms (Markram et al., 1995), which are well below those measured
in our experiments. Therefore the differences in decay time course be-
tween the Ca®" signals reported in Results should reflect differences in
Ca”" decay rates.

Flash photolysis of caged IP; was performed after filling pyramidal
neurons with a pipette solution that contained fluo-3 and caged IP;
(Calbiochem, La Jolla, CA) at 100 um. The cell was illuminated with a
flash unit (UV Flash II; TILL Photonics) attached to the microscope
through a dual port condenser, and simultaneous electrophysiological
recordings and Ca*" imaging were carried out.

An average baseline of control EPSCs was obtained by repeated stim-
ulation at 0.3 Hz, and the magnitude of the average changes in peak EPSC
amplitude induced by the various procedures tested were expressed as a
proportion (percentage) of the baseline control amplitude and plotted as
a function of time. Statistical estimations were performed with the max-
imum peak EPSC values in the course of the LTP|,; and when the EPSC
amplitude had attained a steady state (30 min after the LTP,p; induc-
tion). The presynaptic or postsynaptic origin of the changes in EPSC
amplitude was estimated using the paired-pulse ratio (PPR; R2/R1),
where R1 and R2 were the average peak amplitudes of the first and second
EPSCs, respectively (Fernandez de Sevilla et al., 2002). Statistical analysis
was performed using the Origin 7.0 program (OriginLab, Northampton,
MA).

Analysis of AMPAR trafficking. The super-ecliptic pHluorin (SEP) cod-
ing sequence was inserted three amino acids downstream of the predicted
signal peptide cleavage site of the corresponding AMPAR subunit. The
red fluorescent protein (tDimer dsRed) is a fast maturing obligate dimer
version of dsRed. We generated a Sindbis virus with a double promoter
that drives expression of GluR-SEP and tDimer dsRed. We infected CA1
pyramidal neurons in vivo by injecting Wistar rats (12 d of age) with
GluR1-SEP- and GluR2-SEP-expressing Sindbis viruses (both viruses
also expressing tDimer dsRed) and allowed to express for 36—48 h. Then
the animals were killed, and transverse slices were obtained as described
above.

Two-photon laser-scanning microscopy high-resolution three-
dimensional image stacks were collected on a custom-built instrument
based on a Fluoview laser-scanning microscope (Olympus America,
Melville, NY). The light source was a mode-locked Ti:sapphire laser
(Mira 900F; Mira, Santa Clara, CA) running at 910 nm. We used a
LUMPIanFl/IR 40X 0.80 numerical aperture objective. Each optical sec-
tion was resampled three times and was captured every 0.5 um. Two full
stacks were captured (at —10 and 0 min) before LTP,,; induction and
two more stacks at 30 and 60 min after induction of LTP.

Spines were analyzed using custom software written in MatLab (The
MathWorks, Natick, MA) and identified using the tDimer channel. Rect-
angular regions of interest were manually positioned to fully cover each
spine. Individual spines were numbered and followed in a time-lapse
recording. When the identity of a protrusion was unclear (for instance,
two spines appear as one), the specific spine was not included in the
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analysis. In addition, no effort was made to analyze spines emerging
below or above the dendrite, because the two-photon excitation laser-
scanning microscopy resolution of these is compromised. Dendrite re-
gions of interest were placed at the base of each spine centered on the
dendrite with approximately the same area as the corresponding spine
regions of interest. Total integrated fluorescence (in arbitrary units) for
both green and red channels was computed for each section in a stack.
Background and spillover (from the other channel) fluorescence were
subtracted to generate a background- and spillover-subtracted inte-
grated fluorescence value for each channel as a function of depth. The
potential effects of Forster resonance energy transfer (FRET) between
SEP and tDimer were not compensated given the highly unlikely occur-
rence of FRET across a membrane between no linked fluorophores. For
dendrites, the mean pixel fluorescence (rather than integrated fluores-
cence) was taken within these boundaries to negate any effect that alter-
ations in the size of the selected region would have. Enrichment of recep-
tors on spines was defined as (Spine green/Spine red)/(Dendrite green/
Dendrite red); this fluorescence ratio is used as a relative, not absolute,
means of determining enrichment.

In vivo experiments. Data were obtained from 18 urethane-
anesthetized (1.6 g/kg, i.p.) young adult Wistar rats (between 3 and 4
months of age) of either sex, weighing 180-250 g. Animals were placed in
a stereotaxic device. The body temperature was maintained at 37°C, and
the end-tidal CO, concentration was monitored. Experiments were per-
formed in accordance with the European Communities Council Direc-
tive (86/609/EEC). Extracellular recordings were with tungsten macro-
electrodes (1 M(2) implanted in the CAl region [anterior (A), —2.3
lateral (L), 1; vertical (V), 2.5 mm from bregma]. SC fibers were stimu-
lated using a bipolar stainless steel stimulating electrode (0.1 mm diam-
eter) placed in the stratum radiatum (A, —2.3; L, 4; V, 4 mm from
bregma). The medial septum (A, —0.2; L, 0; V, 7 mm from bregma) was
also stimulated using a similar bipolar electrode. Electrodes were placed
stereotaxically according to the Paxinos and Watson (1986) atlas. Extra-
cellular excitatory postsynaptic field potentials (fEPSPs) were recorded
in the CA1 layer. fEPSPs were amplified (AC amplifier; World Precision
Instruments, Sarasota, FL), bandpass filtered between 0.1 Hz and 1.0
kHz, and digitized at 3.0 kHz (CED 1401 with Spike 2 software; Cam-
bridge Electronic Design, Cambridge, UK). A control baseline fEPSP was
obtained with single-pulse stimulation (100 nA, 0.3 ms, 0.5 Hz) applied
at the SCs during 4 min. fEPSP averages (n = 15) were calculated every
60 s, and the slope of the initial phase was taken as an estimation of the
magnitude of the fEPSP. Data was presented as the proportion of changes
(100%) relative to the mean control baseline fEPSP slope calculated
throughout the initial 4 min. Recordings were accepted for analysis when
baseline variability was <10%. The high-frequency stimulation (HFS) of
the medial septum used to induce long-term potentiation (LTP) con-
sisted of three 500 ms duration pulse barrages of 100 A, 0.3 ms pulses at
100 Hz presented every 2 s delivered without SC stimulation. The stim-
ulation frequency of 100 Hz is similar to the discharge rate exhibited by
groups of medial septal neurons (Gaztelu and Buno, 1982; Zenchenko et
al., 2000), suggesting that high firing rate activity could be present in
physiological conditions.

Recording was maintained for 60 min after the tetanic stimulation.
Similar recordings were performed in control conditions and after intra-
peritoneal injection of atropine sulfate (5 mg/kg). Chemicals were pur-
chased from Sigma-Aldrich Quimica.

Statistical analysis. Results are given as mean * SEM (n = number of
cells or number of experiments in extracellular recordings), and percent-
ages are presented as percentage of controls. Statistical analyses were
calculated with Student’s two-tailed 7 tests for unpaired or paired data as
required. The threshold level of significance was set at p < 0.05 (*); p <
0.01 (**), and p < 0.001 (***).

Results

ACh induces a postsynaptic Ca**
synaptic enhancement

A brief ACh puff (300 ms duration) applied at the apical dendritic
shaft (~20 wm from the soma) induced an EPSC inhibition (a
48.5 £ 9.5% peak amplitude reduction; p < 0.001; lasting 2.1 *

elevation and long-lasting
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Figure 1.  AChinduces a Ca>* wave and long-lasting synaptic enhancement. 4, Top, Rep-
resentative EPSCs (brief inward deflections) and inward current induced by ACh application. 4,
Middle, Representative averaged EPSCs (n = 20; as in all other cases) before (1) and during
synaptic inhibition (2) and enhancement (3) induced by ACh application. A, Bottom, Time
course of the EPSCamplitude (percentage) during the induction of LTP,,; by ACh (black arrow;
n = 20). B, Top, Representative CA1 pyramidal neuron loaded with fluo-3 (100 rm) and the
superimposed Ca® ™ signals recorded at four different sitesin the dendrite (white arrows 1,2, 3,
and 4). Note that the fluorescence signal originates in the distal part of the dendrite (1) and
increases as it spreads to the soma (4). Scale bar, 35 wm. B, Bottom, Averaged somatic Ca 2t
signal induced by ACh and superimposed EPSCs before (Control; black trace) and after ACh (30
min after ACh as in all other figures; gray trace) showing the potentiation.

0.8 min; n = 20), caused by mAChR-mediated blockade of
N-type Ca>* channels at SC terminals (Valentino and Dingle-
dine, 1981; Qian and Saggau, 1997). This presynaptic inhibition
was paralleled by a long-lasting inward current (Fig. 1A) caused
by the suppression of several potassium conductances mediated
by postsynaptic mAChRs (Dutar and Nicoll, 1988). These initial
effects of ACh were followed by a strong and sustained increase in
EPSC peak amplitude or LTP p; (a 205.5 = 14.0% increase; p <
0.001; same cells) (Fig. 1A). The magnitude of the presynaptic
inhibition was essentially identical to that obtained by electrical
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stimulation of hippocampal cholinergic afferent fibers, suggest-
ing that the ACh puffactivated a group of receptors similar to that
activated by the more physiological afferent stimulation (Fernan-
dez de Sevilla and Buno, 2003).

Simultaneous electrophysiology and Ca** imaging revealed
that the ACh puff was followed at brief delays (1.9 + 0.2 s; n = 20)
by a strong increase of the intracellular Ca** signal (39.5 = 5.2%;
n = 20 measured at the soma) that occurred in parallel with the
presynaptic inhibition and with the initial portion of the long-
lasting inward current. The Ca*™ elevations induced by the ACh
puffs always preceded (6.2 = 2.6 min) the onset of the synaptic
enhancement (Fig. 1B, Control), started distally in the apical
dendrite, usually at the first branch point far (~150 wm) from the
ACh application site, and rapidly propagated to the soma at a
constant speed of ~100.5 = 20.7 um s ' (n = 20) (Fig. 1 B; see
supplemental video 1, available at www.jneurosci.org as supple-
mental material). The Ca** signal gradually increased in dura-
tion on its way to the soma (analyzed from similar areas of inter-
est along the apical dendritic shaft and soma). The Ca®" signal in
the apical dendrite ~150 wm from the soma had a AF/F, of
10.5 = 2.1% and lasted 1.5 = 0.2 s (n = 20), whereas the large
prolonged somatic Ca** signal had a AF/F, of 39.5 = 5.2% and
lasted 10.2 = 2.0 s (same cells). The mean total duration of the
Ca** signal from its onset at the dendritic branch point to its
termination at the soma was 13.8. = 2.6 s (same cells) (Fig. 1B).

The postsynaptic Ca>" elevation and long-lasting synaptic
enhancement require activation of M1 mAChR
Activation of mAChRs may facilitate the induction of LTP with
conventional stimulation protocols, and forms of LTP may be
induced by activation of mAChRs (see Introduction). We tested
the effects of the wide-spectrum mAChR antagonist atropine (0.3
M) that suppressed both the Ca”* wave and the LTP;p;, (data
not shown) and of the specific M1 mAChR antagonist pirenz-
epine (75 nM). Blockade of M1 mAChRs with pirenzepine sup-
pressed the Ca** wave and the persistent synaptic enhancement
normally produced by the ACh puff (Fig. 2A). Therefore, EPSCs
recorded before and after the ACh challenge were essentially
identical ( p > 0.05 in both cases; n = 8) under pirenzepine (Fig.
2 B). Both atropine and pirenzepine suppressed the initial presyn-
aptic inhibition without modifying control synaptic responses
(p > 0.05 in both cases; n = 10 and n = 8, respectively). The
long-lasting inward current was also suppressed by atropine,
whereas it was insensitive to pirenzepine (data not shown).

Superfusion with the M2 mAChR antagonist methoctramine
(1 uM) or with the a-7 nicotinic receptor antagonist MLA (0.1
M) did not modify the initial presynaptic inhibition, the long-
lasting inward current, the LTP;p5, nor the Ca** wave induced by
ACh (Fig. 2A,B) (p > 0.05; n = 8). However, when methoctra-
mine was coapplied with pirenzepine, the long-lasting inward
current was abolished (data not shown). To completely rule outa
possible role of nAChRs, we applied higher doses of MLA (up to
125 uM; n = 6), and results were the same as those obtained with
the lower doses (data not shown).

The above results are consistent with the initial inhibition, the
rise of the intracellular Ca®" signal, and the LTP;p; being exclu-
sively caused by activation of M1 mAChRs.

Both the Ca”>* wave and the long-lasting synaptic
enhancement are mediated by IP;

The induction of many forms of long-lasting enhancement (e.g.,
LTP at SC synapses) requires the activation of NMDARs and
Ca?" influx through NMDAR/channels (Malenka et al., 1989;
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Figure2. The postsynapticCa™ elevation and long-lasting synaptic enhancement require
M1mAChR activation. A, Averaged somatic Ca* signalinduced by ACh and the superimposed
EPSCs before (Control; black trace) and after ACh (gray trace) during superfusion with pirenz-
epine (75 nm), MLA (0.1 um), and methoctramine (1 ). B, Summary data showing the ACh
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control ACSF (n = 20) and when pirenzepine (n = 8; p > 0.05), MLA (n = 8; p < 0.01), and
methoctramine (n = 8; p << 0.01) were added.

Zucker, 1999). However, inhibition of NMDARs with APV (50
M) did not modify this synaptic enhancement ( p > 0.05;n = 7)
(Fig. 3A). In this situation of isolation of the AMPA component
of EPSCs (EPSC,pa)> the magnitude and time course of the
synaptic enhancement induced by the ACh puff were essentially
identical to those in control conditions. Pirenzepine also sup-
pressed LTP;,; of the EPSC,yp, isolated under block of
NMDARs with APV (50 um; p > 0.05; n = 6) (data not shown).
Metabotropic glutamate receptors (mGluRs) have been shown to
facilitate the induction of LTP (Cohen et al., 1998) and could
contribute to this synaptic enhancement. However, MCPG (1
mM), a wide-spectrum mGluR antagonist, did not suppress this
synaptic enhancement (p > 0.05; n = 6) (data not shown).
Therefore, this synaptic enhancement does not rely on the acti-
vation of NMDARs or mGluRs.

The Ca*” signal and the subsequent LTP ., were insensitive to
blockade of NMDARs with APV (50 um; n = 7; p > 0.05) and to
intracellular loading with ruthenium red (400 uM RuRed; n = 7;
p > 0.05) that inhibits Ca*" release from ryanodine-sensitive ER
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(5 mg/ml in the pipette solution; n = 8). Note the close relationship between the Ca®* signal and the EPSC potentiation. The
LTP,p induced by AChis only prevented when the Ca> ™" signal s blocked with heparin or BAPTA. B, Top, Representative somatic
(a?" signal induced by IP, uncaging (100 um) and superimposed control EPSC (black trace) and 30 min after uncaging (gray
trace) during LTP. B, Bottom, Time course of the EPSC amplitude changes (percentage) during the induction of LTP,,; by IP;
uncaging (n = 7). €, Left, Representative Ca>* signals induced by ACh application (5 min after breaking the seal), IP; uncaging
(10 min later), and superimposed control EPSC (black trace) and 30 min after uncaging (gray trace) during LTP. C, Right, Time
course of the EPSCamplitude (percentage) during the induction of LTP; by ACh (black arrow; n = 6) and by IP; uncaging (black
ray). Note the occlusion between the potentiation induced by the Ach “puff” and the one induced by IP; uncaging.
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available at www.jneurosci.org as supple-
mental material). In contrast, IP; uncag-
ing did not induce an inward current (data
not shown) and was not preceded by pre-
synaptic inhibition of EPSCs (Fig. 3B).
Therefore, these results are consistent with
a functional relationship between the acti-
vation of IP;-sensitive stores, the subse-
quent release of Ca**, and the induction
of the LTP;p;. In addition, these results
suggest that neither depolarization nor the
initial presynaptic inhibition are required
for the induction of LTPp;.

We also analyzed the possible occlusion
between the LTP,,; induced by the ACh
puff and that generated by the uncaging of
IP;. We loaded cells with the caged IP; and
recorded a control stable baseline EPSC
during the first 5 min after breaking the
seal. An ACh puff was then delivered to
induce the LTPp5, and 10 min later, when
the EPSC amplitude had increased
(205.2 £ 15.6% of controls; p < 0.001;n =
6), we flashed the loaded cell to uncage the
IP,. The IP; uncaging did not modify the
LTP,p; induced by the ACh puff (215.2 =
17.6% of controls; p > 0.05; n = 6) (Fig.
3C). These results imply an occlusion be-
tween both methods of LTP induction,
suggesting that they share common
postsynaptic mechanisms where activa-
tion of IP;Rs is required.

Finally, to determine whether the LT-
Pp; was present at more physiological
temperatures, we repeated the above anal-
ysis at 32°C. ACh induced similar postsyn-
aptic Ca”" elevations and long-lasting en-

stores (Fig. 3A). A dominant and widespread action of M1 and
M3 mAChR activation is the release of Ca*™ from IP,-sensitive
ER stores via activation of IP;Rs (Power and Sah, 2002). Intracel-
lular dialysis with heparin (5 mg/ml), an antagonist of IP;Rs,
suppressed both the Ca®" signal and the LTP,; (Fig. 3A) (n = 8;
p > 0.05). Depletion of Ca** stores with extracellular thapsigar-
gin (1 uM; 7 = 4; data not shown) and intracellular Ca*" chela-
tion by BAPTA loading (50 mM in the pipette solution) also sup-
pressed the Ca*™ signal and the LTP,; (n = 6; p > 0.05) (Fig.
3A).

Therefore, the above results imply that a rise in intracellular
Ca’" released from IP;-sensitive ER stores preceded and was
required for the induction of LTP ;5. In contrast, neither a con-
tribution from ryanodine-sensitive Ca®" stores nor of Ca** in-
flux through NMDAR/channels were essential to generate
LTP,p,.

In view of the above results, we tested the effects of photolysis
of caged IP, that releases Ca®" from IP,-sensitive ER stores via
direct activation of IP;Rs without participation of synthesis of
IP;. Uncaging of IP; induced a large, brief, synchronous rise in
intracellular Ca** that had a larger magnitude at the soma than
the apical dendrite (by 33.1 + 9.7%; p < 0.01; n = 7). The Ca*™
rise was followed by synaptic enhancement (by 160.2 = 9.7%;
p < 0.05; n = 7) with characteristics essentially identical to the
one induced by ACh puffs (Fig. 3B; see supplemental video 2,

hancements of synaptic transmission that
were blocked by pirenzepine at the higher temperature of 32°C.
In addition, IP; uncaging also induced the LTP 5 at 32°C (see
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material), suggesting that similar mechanisms could be
present in the natural condition.

LTP,p; is paralleled by an increased expression of AMPARs in

dendritic spines

Changes in postsynaptic responsiveness to presynaptically re-
leased glutamate might be mediated by a change in AMPAR
number at the postsynaptic membrane (Malinow and Malenka,
2002). To determine whether AMPARs are inserted during the
cholinergically induced LTP,;5, we analyzed the effect of ACh on
the content of recombinant AMPAR at the surface of spines of
CA1 pyramidal neurons (Fig. 4). We expressed GluR1 or GluR2
tagged with the SEP, a pH-sensitive form of green fluorescence
protein that marks surface AMPA receptors (Ashby et al., 2004;
Kopecetal., 2006) using a Sindbis virus. CA1 pyramidal neurons
infected with Sindbis virus-expressing GluR1-SEP subunit and
t-dimer red protein were visualized before (control) and 30 min
after ACh application (post-ACh) using the two-photon micro-
scope (Fig. 4A). ACh induced an increase in the spine green
fluorescence signal (133.9 % 8.0%; p < 0.001; n = 145 spines, 8
cells) without significant changes in the spine red signal (112.2 *
8.2%; p > 0.05; same cells) nor in the red and green dendritic
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Figure 4.  ACh causes insertion of AMPARs in dendritic spines. A, Images of representative

spines, expressing GIuR1-SEP (top), GluR2-SEP (bottom), and t-dimer red protein, before (Con-
trol) and after ACh. Scale bar, 1 wm. Note the increase in the yellow signal 30 min after appli-
cation of ACh in both GluR1- and GIuR2-expressing spines without changes in spine volume. B,
Summary data showing the ACh effect on the content of GIuR1 (black circles; n = 145 spines, 8
cells; p < 0.001) and GluR2 (white circles; n = 75 spines, 6 cells; p << 0.01) on the spines.

fluorescence signal (p > 0.05), indicating an increase of new
GluR1 AMPARSs at the spine surface without changes in the spine
volume (Fig. 4 B). Moreover, in similar experiments using the
GluR2-SEP subunit, ACh induced an increase of GluR2 AMPARs
at the spine surface (spine green fluorescence signal, 128.6 =*
5.12%; p < 0.01; n = 75 spines, 6 cells) (Fig. 4 B) without signif-
icant changes in the spine or dendrite red signal, nor in the den-
drite green signal ( p > 0.05; same cells). Therefore, ACh induced
the insertion of both GluR1 and GluR2 AMPARs at the spine
surface of CA1 pyramidal neurons.

Together the above results suggest that the LTP; induced by the
ACh puff was caused by an increase in the number of AMPARs
expressed at the spines of CA1 pyramidal neurons.

Absence of presynaptic contribution to the LTP

We analyzed whether LTP,; had a presynaptic component
(Castillo etal., 2002) analyzing the changes in PPRs that are a sign
of modifications in the release probability of the presynaptic ter-
minal (Zucker, 1999; Fernandez de Sevilla et al., 2002; Oertner et
al., 2002). Control PPRs were characterized by paired-pulse facil-
itation in which the second EPSC (R2) was larger than the first
(R1), indicating that the group of stimulated synapses had on the
average a low release probability. There were no modifications of
the PPR with LTPp; ( p > 0.05; n = 15) (Fig. 5A), consistent with
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Figure 5.  Absence of presynaptic contribution to the LTPp,. A, Left, Superimposed repre-

sentative EPSCs evoked by paired pulse stimulation before (control; black trace) and after ACh
(gray trace) and the EPSCs scaled to show the lack of modification in the PPR. 4, Right, Summary
data (n = 15) showing the PPR (R2/R1; as a percentage of control). B, Top, Representative
averaged extracellular responses before (1), 3 min after ACh (2), and ~30 min after ACh (3).
Note the absence of modification of the fiber volley. B, Bottom, Time course of the fEPSP slope
(black circles) and fiber volley amplitude (white circles) during the initial inhibition and subse-
quent LTP, after the ACh puff (black arrow; n = 15).

the lack of a presynaptic contribution. However, during the ini-
tial presynaptic inhibition, there was a transient increase in the
PPR (data not shown) reflecting the decrease in the release prob-
ability as a result of the activation of presynaptic mAChRs (Fer-
nandez de Sevilla et al., 2002; Cabezas and Buno, 2006).

A possible increase in the excitability of the SC axons, leading
to an increased number of SC axons recruited by a stimulating
electrode, could account for the increased synaptic transmission
induced by the ACh puff. To test this possibility, we recorded
extracellularly the fiber volley and the fEPSP evoked by SC stim-
ulation before, during, and 30 min after the ACh puff applied
close to the recording electrode (~250 wm) at the stratum pyra-
midal-radiatum border (Fig. 5B, Control, during ACh, and Post-
ACh, respectively). The fEPSP slope was initially reduced (47.5 =
7.4%; p < 0.001; n = 15) and later potentiated (207.3 = 11.9%j;
p < 0.001; n = 15) by the ACh pulff; in contrast, the fiber volley,
which records the number of presynaptic fibers activated, re-
mained unaltered throughout the experiment ( p > 0.5; n = 15)
(Fig. 5B).

Together these results suggest that LTP,p; is exclusively medi-
ated through postsynaptic mechanisms. LTP,,; persisted up to
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Figure 6.  LTP,,; does not require presynaptic and postsynaptic action potentials. 4, Top,
Representative recording showing the EPSCs in control (1), their absence after blockade of
sodium channels with TTX (100 nm), and the slow inward current evoked by ACh application (2).
Note the sustained EPSC potentiation recorded after 30 min of TTX washout (3; Post-ACh). 4,
Bottom, EPSCsrecorded at 1,2, and 3. B, Time course of the EPSCamplitude (percentage) during
TTX, the induction of LTP 5 by ACh (black arrow; n = 10), and washout in control solution.

4 h, a duration that is similar to the LTP induced by classical HFS
of SCs (Malenka and Bear, 2004) (see supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material).

LTP,; does not require correlated AP activity

A property that typifies the induction of the classical LTP, the
“Hebbian principle” (LTPy,), is the need for correlated presynap-
tic and postsynaptic action potential (AP) activity. Therefore, to
identify whether this rule was applicable to this form of LTP, we
inhibited voltage-gated Na * channels with TTX (100 nm), which
blocks both presynaptic and postsynaptic APs and prevents
evoked and spontaneous synaptic activity (Fig. 6A, B). When SC
EPSCs and postsynaptic APs (tested with brief depolarizing
pulses) had disappeared, we applied the ACh puff. The typical
long-lasting inward current (Fig. 6A) and Ca’* signal were
evoked by the ACh puff (data not shown). After TTX washout,
the EPSC gradually recovered, and ~25 min later, a strong LTP,p4
was induced (by 201.3 * 8.5%; p < 0.001; n = 10). A similar
superfusion of TTX in control conditions in the absence of the
ACh challenge did not modify EPSCs after a washout (data not
shown; p > 0.05; n = 6). These results indicate that inhibition of
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Figure7. LTP; and LTP, can be superimposed. A, Representative extracellular recordings

in control (1), after HFS of SCs (2), after an ACh puff (3), and during LTP,p; (4). The effects of
blockade of EPSCyps With 20 um CNOX (5) and of voltage-gated Na ™ conductances by 100 nm
TTX (6) are also shown. B, Time course of the fEPSP slope and fiber volley amplitude (filled and
open circles, respectively) in control (1), during the LTP,, (2) induced by HFS and the LTP,p, (4)
induced by an ACh puff, and during CNQX (5) and TTX (6; n = 6).

voltage-gated Na * channels and of presynaptic and postsynaptic
AP activity did not contribute to LTP,p;.

LTP,p; and LTPy can be superimposed

The possible interactions between LTP,p; and the classical homo-
synaptic LTPy; induced by HES could have important functional
implication. With extracellular recordings of fEPSPs that pre-
serve the intracellular mechanisms required to induce the LTP
otherwise dialyzed during prolonged whole-cell recordings, we
induced LTPy; by stimulating a group of SCs with 30 barrages (50
Hz, 1s) at 0.5 Hz. When LTPy; had stabilized ~25 min later (at
209.1 = 25.1% of control values; p < 0.001; n = 6), we applied an
ACh puftas described above (Fig. 7B, filled circles). The ACh puff
first evoked the initial presynaptic inhibition of the fEPSPs, but of
much longer duration (~10 min) than that observed in the ab-
sence of a previous LTPy;. The inhibition was followed by an
LTP,p; that reached values of 490.1 = 25.8% of controls (p <
0.001; n = 6). The first LTP induction protocol enhanced fEPSP
slopes by ~200%, and the second augmented fEPSPs an extra
~200%, the LTP reaching a final value of ~400%. Although in
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these experiments LTP, was not satu-
rated, we can conclude that within the am-
plitudes analyzed both types of LTP
tended to add linearly. We checked that the
presynaptic fiber volley remained un-
changed throughout the recording and
when fEPSPs were inhibited with CNQX (20
uM). Finally, we applied 100 nm TTX that
completely blocked the presynaptic fiber
volley (Fig. 7B, open circles).

Therefore, the classical homosynap-
tic LTPy and LTP;p; can be superim-
posed. LTP 5 may serve to ensure an in-
creased synaptic efficacy not requiring
activation of glutamatergic synapses and
therefore not restricted to the activated
synapses but localized close to the site at
which mAChRs were activated. In con-
trast, LTPy requires the activation of
glutamatergic synapses and is restricted
to the activated synapses. Therefore, the
two regulatory mechanisms may coexist
and perform different functions in the
same neurons.
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of medial septum cholinergic neurons on 50
CA1 fEPSPs evoked by SC stimulation.
The averaged fEPSP recorded in control
conditions showed stable onset slopes
throughout SC stimulation at 0.5 Hz dur-
ing 70 min (Fig. 8C). Tetanic stimulation
of the medial septum with three 500-ms-
duration pulse barrages of 100 nA, 0.3 ms
pulses at 100 Hz presented every 2 s in-
creased the SC fEPSP slope (Fig. 8 B). The
facilitation of the fEPSP slope was maxi-
mal 5 min after tetanic stimulation and was stable (210 = 19.9%
of controls; p < 0.01; n = 6) for the remainder of the experiment
that lasted up to 60 min (Fig. 8C), a result consistent with the
properties of an LTP (Malenka and Bear, 2004). To determine
whether the LTP induced by the tetanic stimulation of the medial
septum was mediated via activation of mAChRs, atropine was
applied (5 mg/kg, i.p.) 10 min before the medial septum stimu-
lation. In these conditions a modest facilitation of the SC fEPSP
slope of 130.5 = 11.2% was evoked (Fig. 8C) (p < 0.05; n = 6).
The reported brief and transient reduction of synaptic efficacy
that followed septal stimuli during in vivo experiments (Rovira et
al., 1983) was not observed in our study, most likely because this
depression lasts <20 s, and its amplitude is at most 20% of the
control fEPSP amplitude. Therefore, although possibly present in
our experiments, the inhibition remained undetected because we
averaged 1 min epochs, which possibly include the onset of LTP,
thus canceling out the inhibition. Another possible explanation
for the absence of transient depression in our experiments may
arise from the slightly different septal stimulation protocols used
by Roviraetal. (1983) (15 trains at 1/s of 10 pulses at 100 Hz) and
by our group (3 trains at 1/2 s of 50 pulses at 100 Hz).

0 20 40 60
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Figure 8.  An atropine-sensitive long-lasting synaptic enhancement induced in vivo by stimulation of the medial septum. 4,
Schematic diagram of the experimental setup showing a stimulating electrode placed in the septum (Septum St), another
stimulating electrode placed in the CA3 region (SC St), and the recording electrode placed in the CA1 region (Recording). B, Top,
Representative extracellular recordings in control (black trace) and after stimulation of the medial septum (gray trace). B, Bottom,
Same as top, but under atropine (5 mg/kg). €, Time course of the fEPSP slope (percentage) in control (white circles), when septum
is stimulated (black circles), and when septum is stimulated under atropine (gray triangles; n = 6).

Discussion

We describe novel mechanisms that mediate a long-lasting syn-
aptic enhancement or LTPp; that is triggered both by a brief ACh
puff applied at the apical dendrite and by stimulation of cholin-
ergic septohippocampal afferents. LTP;; is expressed postsynap-
tically and requires the activation of M1 mAChRs, production of
IP,, and release of Ca** from IP,-sensitive stores by the activa-
tion of IP;Rs. LTP;,; does not need activation of NMDARs, does
not comply with the “Hebbian” principle, and can be induced in
vivo by tetanic stimulation of the medial septum.

A potentiation of SC EPSPs induced by carbachol (CCh) has
been described by Auerbach and Segal (1994, 1996). In contrast
with our results, the potentiation described by those authors was
mediated via activation of M2 mAChRs and mainly caused by an
enhancement of an NMDA component. The discrepancy be-
tween our results and those of Auerbach and Segal (1994, 1996)
could reside in the prolonged presence of CCh in their case that
may have stimulated both intracellular and circuit mechanisms
not activated by the transient localized pulses of ACh used by us.
Another possible cause is that muscarinic innervation of CAl
pyramidal cells changes markedly during development (Amenta
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etal., 1995), and the rats used by Auerbach and Segal were much
older (>7 weeks and up to 36 months) than our sample (14-16
d). A specific potentiation of the NMDA component induced by
ACh and mediated by M2 mAChRs and IP; production has also
been reported (Markram and Segal, 1990). This potentiation is
also different from the LTP,p; reported here because it is short-
lived and required activation of NMDARs. Higher CCh concen-
trations than those used by Auerbach and Segal (1994, 1996) may
induce long-term depression (LTD) in the rat visual cortex and
hippocampus in vitro via activation of M1 mAChRs (Kirkwood et
al., 1999; Scheiderer et al., 2006). However, in contrast to the
LTP,ps, this LTD requires activation of NMDARs and correlated
presynaptic and postsynaptic activity.

We show that the LTP 5 is closely linked to the genesis of
Ca** waves in the apical dendrites of CAl pyramidal cells and
that BAPTA loading, intracellular heparin, and thapsigargin,
which inhibit Ca®" waves and the increase of the intracellular
Ca*”" concentration, suppress LTP,;. In contrast, inhibition of
Ca’" release from ryanodine-sensitive ER stores with ruthenium
red and inhibition of Ca®" influx by inhibiting NMDARs with
APV did not interfere with the Ca** signals, nor with LTP;p;.
Moreover, LTP,,; does not require membrane depolarization or
Ca** influx through voltage-gated Ca*" channels because both
are absent in the LTP,,; induced by IP; uncaging. Therefore, the
intracellular Ca** elevations required to induce this form of LTP
were via Ca®" release from IP,-sensitive ER stores.

The ER itself is thought to extend to all parts of the dendritic
arbor and spines in Purkinje and CA1 pyramidal neurons (Spacek
and Harris, 1997). These localizations agree with the sites that ex-
press IP;Rs in those cells (Sharp et al., 1993). ACh puffs triggered
dendrosomatic Ca*" waves with a delay, whereas IP; uncaging pro-
duced a rapid synchronous Ca®" elevation at the apical dendritic
shaft and soma. The limiting factor in the delay between the ACh
puffand the Ca*" rise could be the time required for the production
of IP;, whereas the activation of mAChRs and IP;Rs and the subse-
quent Ca*™ release contribute less to the delay. In addition, the dif-
ferences between puffs and uncaging could indicate that Ca** waves
induced by ACh pulffs are not determined by the distribution of IP;R
over the ER nor by the localization of membrane mAChRs (Bardo et
al., 2006). The site of origin of the Ca®" waves far from the ACh
application site could be caused by the positive interaction between
IP; and Ca*" occurring at sites where IP; induced larger Ca*™ ele-
vations (Mak et al., 2001).

The cholinergic innervation of the CA1 region originates both
from extrinsic and intrinsic cholinergic neurons (Frotscher and Le-
ranth, 1985; Frotscher et al., 2000). In the CA1 region, cholinergic
afferents terminate both on pyramidal cells and interneurons, acting
mainly through muscarinic receptors in the former and nicotinic
receptors in the latter (Amenta et al., 1995). Although there is wide-
spread expression of mAChRs, particularly of the M1 subtype, in
both neuronal soma and dendrites in rat hippocampal pyramidal
cells (Levey et al., 1995; Power and Sah, 2002), there is also contro-
versy regarding the contribution of the mAChR type to the different
muscarinic actions in the CA1 region (Dutar and Nicoll, 1988; Ovse-
pian et al., 2004; Shinoe et al., 2005).

Interestingly, several neurotransmitters can enhance receptor-
mediated activation of PLC and IP; production. Release from IP;-
sensitive stores, Ca** waves, and facilitation of LTP in hippocampal
pyramidal cells can be induced by mGluRs activation (Cohen et al.,
1998), possibly acting through intracellular cascades similar to those
activated by mAChRs. Purinergic and adrenergic receptors also ac-
tivate IP, production (Nishizaki and Mori, 1998). Therefore, differ-
ent membrane receptors may activate the same intracellular signal-
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ing cascade. However, it remains to be determined what functional
demands require signaling through the different membrane recep-
tors to produce IP; and the induction of enduring modifications in
synaptic efficacy.

AMPAR expression at the postsynaptic membrane is highly
dynamic (Malinow and Malenka, 2002; Song and Huganir, 2002;
Bredtand Nicoll, 2003). The rapid mobility of AMPARs occurs in
a constitutive manner, with continual turnover of AMPARSs at the
synaptic membrane mediated by exocytosis and endocytosis (Lin
etal., 2000), as well as through lateral mobility (Triller and Cho-
quet, 2005). However, AMPAR trafficking is also modified by
synaptic activity (Lissin et al., 1999; Ehlers, 2000; Lin et al., 2000).
These activity-dependent changes in AMPAR trafficking have
been linked to the modulation of synaptic strength that occurs
during some forms of LTP and LTD (Malinow and Malenka,
2002). Our data demonstrate that ACh induces the increase of both
GluR1 and GluR2 subunits of the AMPARSs at the spines of CAl
pyramidal neurons. However we cannot discard a possible increase
in the conductance of preexisting surface-expressed receptors
(Benke et al., 1998) as a mechanism contributing to the long-lasting
increase in the EPSC,ipa-

In conclusion, this LTP,,; is expressed postsynaptically and
requires Ca®™ release from IP;-sensitive stores and a rise in in-
tracellular Ca** concentration. In contrast, it does not require
depolarization or activation of voltage-gated Ca>* conductances,
nor of NMDARSs that are indispensable to induce the classical
LTPy,. In addition, a similar muscarinic long-lasting enhance-
ment of SC EPSPs may be induced by tetanic stimulation of sep-
tohippocampal cholinergic fibers, suggesting that LTP;,; may be
functional in the natural condition. This view is consistent with
the high firing rates of medial septal neurons in vivo (Gogolak et
al., 1968; Gaztelu and Buno, 1982). This novel LTP,,; indicates
that sustained modifications of synaptic efficacy may be more
diverse than previously considered and reveals yet another cas-
cade of postsynaptic events that might be present during behavior
and can drive AMPARs into synapses and enhance synaptic
transmission exclusively through Ca*" release from ER stores.
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