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Slow Presynaptic and Fast Postsynaptic Components of
Compound Long-Term Potentiation

Ildar T. Bayazitov, Robert J. Richardson, Robert G. Fricke, and Stanislav S. Zakharenko
Department of Developmental Neurobiology, St. Jude Children’s Research Hospital, Memphis, Tennessee 38105

Long-term potentiation (LTP) mediates learning and memory in the mammalian hippocampus. Whether a presynaptic or postsynaptic neuron
principally enhances synaptic transmission during LTP remains controversial. Acute hippocampal slices were made from transgenic mouse
strains that express synaptopHluorin in neurons. SynaptopHluorin is an indicator of synaptic vesicle recycling; thus, we monitored functional
changes in presynaptic boutons of CA3 pyramidal cells by measuring changes in synaptopHluorin fluorescence. Simultaneously, we recorded
field excitatory postsynaptic potentials to monitor changes in the strength of excitatory synapses between CA3 and CA1 pyramidal neurons. We
found that LTP consists of two components, a slow presynaptic component and a fast postsynaptic component. The presynaptic mechanisms
contribute mostly to the late phase of compound LTP, whereas the postsynaptic mechanisms are crucial during the early phase of LTP. We also
found that protein kinase A (PKA) and L-type voltage-gated calcium channels are crucial for the expression of the presynaptic component of
compound LTP, and NMDA channels are essential for that of the postsynaptic component of LTP. These data are the first direct evidence that
presynaptic and postsynaptic components of LTP are temporally and mechanistically distinct.
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Introduction

Physiological processes that underlie information storage, learn-
ing, and memory involve long-term potentiation (LTP), a persis-
tent, activity-dependent increase in synaptic strength (Milner et
al., 1998; Martin et al., 2000; Whitlock et al., 2006). LTP at exci-
tatory synapses between CA3 and CA1 pyramidal neurons (CA3—
CA1 synapses) in the hippocampus can be induced by a brief train
of electrical stimuli (tetanus) that releases L-glutamate from pre-
synaptic terminals and activates Ca*”" influx into postsynaptic
neurons. Ca’" activates biochemical cascades that give rise to the
expression of LTP. Attempts to locate the site of LTP expression
led to controversial results. Some studies indicated that presyn-
aptic sites contribute to the increase in synaptic strength (Mali-
now, 1991; Stevens and Wang, 1994; Bolshakov and Siegelbaum,
1995; Stricker et al., 1999; Choi et al., 2000; Emptage et al., 2003;
Voronin et al., 2004), and others indicated that postsynaptic sites
serve that function (Malenka and Nicoll, 1999; Malinow and
Malenka, 2002; Song and Huganir, 2002; Bredt and Nicoll, 2003;
Malenka and Bear, 2004). Together, these results suggest that
expression of LTP is not confined within a single neuron, but
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rather involves an enhancement of both presynaptic and postsyn-
aptic function (Lisman and Raghavachari, 2006).

Previous attempts to isolate the increase in presynaptic function
from the overall increase in synaptic strength by using the N-(3-
triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium
dibromide (FM 1-43) assay revealed that two major forms of LTP
can be induced at CA3—CAL1 synapses, compound LTP and postsyn-
aptic LTP. Compound LTP is expressed both presynaptically and
postsynaptically (Zakharenko et al., 2001); it depends on the activity
of L-type voltage-gated calcium channels (L-VGCCs) (Grover and
Teyler, 1990; Zakharenko et al., 2001), tyrosine kinases (Cavus and
Teyler, 1996), and brain-derived neurotrophic factor (BDNF) (Za-
kharenko et al., 2003), and it can be induced by 200 Hz tetanization
or theta-burst stimulation (TBS) of Schaffer collaterals (i.e., axons of
CA3 neurons). Postsynaptic LTP is dependent on the activity of
NMDA receptors (NMDARs) and serine-threonine kinases, and it
can be induced by 50 Hz tetanization or short TBS (Grover and
Teyler, 1990; Cavus and Teyler, 1996; Morgan and Teyler, 2001;
Zakharenko et al., 2001, 2003).

These data strongly suggest that during LTP the functions of
presynaptic and postsynaptic neurons are enhanced in a well co-
ordinated way; however, the precise temporal relationship and
nature of this coordination is not clear (Lauri et al., 2007). To
directly address this issue, we monitored changes in presynaptic
function and synaptic strength before and for as long as 3 h after
induction of LTP in acute hippocampal slices.

Materials and Methods

Animals. All animal experiments described in this manuscript were ap-
proved by the Animal Care and Use Committee of St. Jude Children’s
Research Hospital (Memphis, TN).
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Electrophysiology. Transverse hippocampal slices (400 wm) were pre-
pared from 8- to 12-week-old spH21 (Li et al., 2005) or TV-46 (Araki et
al., 2005) transgenic mice. Slices containing the dorsal part of the hip-
pocampus were continuously superfused (2—-3 ml/min) with artificial
CSF (ACSF) containing (in mwm) 125 NaCl, 2.5 KCl, 2 CaCl,, 2 MgSO,,
1.25 NaH,PO,, 26 NaHCOj;, and 10 glucose (~295 Osm), with 95%
0,/5% CO, at 31-32°C.

We recorded field EPSPs (fEPSPs) from the CA1 stratum radiatum by
using an extracellular glass pipette (3—5 MQ)) filled with ACSF. Schaffer
collateral/commissural fibers in the stratum radiatum were normally
stimulated with a bipolar tungsten electrode placed 200-400 wm away
from the recording pipette. Stimulation intensities were chosen to pro-
duce an fEPSP with a slope that was 30 to 35% of that obtained with
maximal stimulation.

LTP was induced electrically by one of the following three protocols:
(1) 200 Hz LTP was induced by three periods of tetanization delivered
every 5 min. Every period of tetanization consisted of 10 trains of 200 Hz
stimulation delivered for 200 ms every 5 s at 30 to 35% maximal stimulus
intensity. A similar protocol has been used to induce compound LTP at
CA3-CAl synapses in the hippocampus (Cavus and Teyler, 1996; Za-
kharenko et al., 2001, 2003). (2) TBS LTP was induced using three se-
quences in 5 min intervals. Each sequence contained six trains with 10 s
intervals between trains. Each train consisted of five bursts separated by
200 ms. Each burst included four 100 Hz pulses delivered at 30 to 35% of
maximal stimulus intensity. Other studies have used a similar protocol to
induce compound LTP (Morgan and Teyler, 2001; Zakharenko et al.,
2003). (3) 50 Hz LTP was induced by three 1 s trains of 50 Hz stimulation
applied every 20 s at 30 to 35% of maximal stimulus intensity. This
protocol has been used previously to induce NMDAR-dependent LTP
(Zakharenko et al., 2001, 2003).

Field EPSPs and changes in synaptopHluorin (spH) fluorescence were
evoked using the same stimulating electrode. The fEPSPs were tested by
delivering single square-form electrical stimuli (100 us duration) at
0.033 Hz. Changes in spH fluorescence were tested by delivering 50
square-form electrical stimuli (100 ws duration) at 10 Hz for 5 s (10 Hz
probe) at various time points before and after induction of LTP. The 10
Hz probe caused a short-term depression of fEPSPs [half-time (t,,,) =
24.6 = 2.3 s;n = 32], butit did not induce long-term plasticity, even after
multiple consecutive trials. The fEPSP slope and synaptopHluorin peak
fluorescence (spHp) were measured off-line and used for additional
analysis.

Two-photon laser-scanning microscopy imaging. Two-photon laser-
scanning microscopy (TPLSM) was performed using an Ultima imaging
system (Prairie Technologies, Middletown WI), a Ti:sapphire Chame-
leon Ultra femtosecond-pulsed laser (900-920 nm) (Coherent, Santa
Clara, CA), and 63 X 0.9 numerical aperture water-immersion infrared
objective (Olympus, Center Valley, PA). The field of view (256 X 256
pixels, 0.154 wm/pixel) was chosen using the following criteria: (1) the
field of view should be in the immediate vicinity of the recording elec-
trode; (2) it should yield a change in spH fluorescence intensity evoked by
the 10 Hz probe; (3) it should contain some stray fluorescent landmarks
that could be used for additional alignment of the field of view during
subsequent imaging at different time points.

To record changes in spH fluorescence intensity, we acquired 40 con-
secutive images (at 1 Hz) from a single field of view. Five images were
taken before applying the 10 Hz probe, and 35 images were taken during
and after stimulation. Experiments that did not contain the same land-
marks throughout all images taken in one field of view were discarded.
Previous work demonstrated that background spH fluorescence is
caused by stray sensors on the cell surface (Sankaranarayanan et al.,
2000), and photobleaching can uncouple background spH fluorescence
from the activity-dependent spH increase (Gandhi and Stevens, 2003).
Therefore, in some experiments, we used a similar approach and prepho-
tobleached the fields of view. At the end of each experiment, iso-osmotic
ACSF containing 50 mm NH,Cl, pH 7.4, was applied to identify presyn-
aptic boutons (see Fig. 1a,b). Experiments in which NH,CI failed to
induce a robust increase in fluorescence intensity were discarded.

Quantitative measures of fluorescence. Sampling of fluorescence inten-
sity was performed at 1 Hz (except in Fig. 1b, where sampling was per-
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formed at 0.6 Hz). Fluorescent intensity was measured quantitatively at
individual boutons. Regions of interest (ROIs) were chosen post hoc
based on the immediate and robust increase in fluorescence intensity
after NH,Cl application (see Fig. 1a4), and pixel intensities of the ROIs
within a field of view were averaged. Changes in fluorescence within
chosen ROIs were analyzed at all time points. Changes in fluorescence
intensity (AF) were expressed as AF(t) = F(t) — F,, and changes in
normalized fluorescence intensity (AF/F,) of individual boutons were
expressed as AF(t)/F, = [F(t) — F,]/F,, where F(t) was the fluorescence
intensity at a given time point, and F,, was the average fluorescence in-
tensity of the five time points (F, — F;) before the 10 Hz probe was
applied.

Fluorescence data were expressed in arbitrary fluorescence units
(a.f.u.) for AF and in percentages for AF/F,. The peak AF (spHp) or peak
AF/F, (normalized spHp) was measured either as spHp = (F, + F,, +
F,,)/3 — F, or normalized spHp = [(F, + F,, + F,,)/3 — F,l/F,. In
addition, we measured the maximal slope of spH increase (spH slope) in
response to the 10 Hz probe. The spH slope was measured using Clamp-
Fit (Molecular Devices, Sunnyvale, CA). The spHp, normalized spHp,
and spH slope provided similar results in all LTP experiments tested;
therefore, we chose to present all imaging data as changes in spHp.

In LTP experiments, the fEPSPs and spHp were measured at —25,
—15, =5, 5, 30, 60, 90, 120, 150, and 180 min, where time 0 was the end
of tetanization or the beginning of dibutyryl cAMP (dbcAMP) applica-
tion. In experiments in Figure 4d, these measures were sampled more
frequently. In the accompanying control experiments, no tetanization or
dbcAMP was applied. At any given time point, the average fEPSP slope
and spHp were calculated. The average fEPSP slope was calculated as the
mean of five to 10 fEPSPs centered on a given time point.

To extract the postsynaptic component of LTP from changes in syn-
aptic strength in Figure 9b, we used the following calculations: APost ;)=
ASynS ;) — APre(;), where APost indicates changes in the postsynaptic
component; ASynS indicates changes in synaptic strength; and APre in-
dicates changes in the presynaptic component. Because ASynS, =
AfEPSP slope;), APre ;) = k X AspHp ;) where k = 0.89 (derived from
data in Fig. 3b). Thus, APost ;= AfEPSP slope ;) — 0.89 X AspHp;,.

Inhibitors  and  reagents.  Nitrendipine,  1,3-dipropyl-8-(p-
sulfophenyl)xanthine (DPSPX), and dbcAMP were purchased from
Sigma (St. Louis, MO). CNQX, 2,3-dihydroxy-6-nitro-7-sulfonyl-
benzo|f]quinoxaline (NBQX), bicuculline, picrotoxin, and b-APV were
purchased from Tocris (Ellisville, MO). Cell-permeable PKI 14-22
amide (PKI) was purchased from EMD Biosciences (San Diego, CA).

Statistical analyses. Data are presented as mean = SEM. Areas under
the curve (AUCs) were measured using the trapezoidal rule for unequally
spaced x values, which is written in SigmaPlot (Systat Software, Point
Richmond, CA). The differences in the mean values among the treatment
groups were analyzed using one-way ANOVA (unless otherwise stated).
Experimental groups were compared with control groups by using the
Bonferroni t test. Pearson product moment correlation was measured
using SigmaStat (Systat Software, Point Richmond, CA). In LTP experi-
ments, the fEPSP slopes and peak AFs were normalized to their respective
averages of data points collected before induction of LTP. Measurements
of normalized peak AF and normalized fEPSP slope were paired and
subjected to correlation analysis and linear regression analysis (see Fig.
4c) (Sokal and Rohlf, 1995).

Results

Presynaptic function imaged by the synaptopHluorin assay in
acute hippocampal slices

We analyzed acute hippocampal slices from spH21 mice that ex-
press spH in a subset of neurons throughout the CNS (Li et al.,
2005). The fusion protein spH consists of the synaptic vesicle
protein VAMP2 and a pH-sensitive green fluorescent protein
that increases fluorescence when the acidic lumen of the vesicle is
exposed to the pH-neutral medium of the extracellular space
(Miesenbock et al., 1998; Sankaranarayanan and Ryan, 2000). In
the CA1 area of the hippocampus, spH fluorescence was weak
and diffuse, with occasionally visible puncta that were possibly
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because of partial expression of spH on the
plasma membrane (Fig. 1a). We did not
detect any changes in spH fluorescence in
the absence of electrical stimulation (data
not shown). However, electrical stimula-
tion of Schaffer collaterals dramatically in-
creased spH fluorescence in a punctate
manner, presumably reflecting fusion of
synaptic vesicles in a subset of presynaptic
terminals (Fig. 1a,b). At the conclusion of
each experiment, we applied the iso-
osmotic ACSF containing 50 mm NH,CI
to neutralize the acidic lumen of synaptic
vesicles, thereby identifying intracellular
sources of spH. Application of NH,Cl pro-
duced a robust increase in spH fluores-
cence at several locations within fields of
view (Fig. 1a4). These locations had a
mean diameter of 0.79 = 0.04 um (n =
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Figure 2.  SpH is expressed in presynaptic boutons of pyramidal neurons in the hippocam-

pus. a, The histogram of fluorescent intensities (AF) in single boutons before and after appli-
cation of 50 mm NH,Clin stratum radiatum and stratum oriens of acute hippocampal slices from
spH21and TV-46 transgenic mice. *p << 0.05. b, ¢, Diagrams of hippocampal slice preparations
from spH21 (b) and TV-46 (c) transgenic mice. Stimulating electrodes (black coils) were placed
either in the stratum radiatum (1) or stratum pyramidale (2). The spH-expressing neurons
(green) and non-spH-expressing neurons (black) send their axons to the stratum radiatum and

Number of stimulations

SpH expression and activity in acute hippocampal slices. a, Images of the same field within the stratum radiatum of
CA1 before (1), during (2), and after (3) 20 Hz synaptic stimulation for 5 s and (4) during 50 mm NH,Cl application. Scale bar, 3 um.
Region of interests (shown as areas inside white lines) are determined by the robust increase in fluorescence in 4. b, Fluorescent
intensity (AF/F, X 100) in @ as a function of time was measured in five puncta identified during NH,Cl application. The bold line
represents the average fluorescent intensity. Numbers represent time points when images in a were taken. Calibration: vertical,
10%; horizontal, 5 s. ¢, Dependence of spHp fluorescence on the number of stimulations (31 boutons; 8 slices). Stimulations were
delivered for 5 s at the following frequencies: 1,2, 10, 20, 50, 100, and 200 Hzin the presence of CNQX (10 zum), -APV (50 um), and

198) and were reminiscent of en passant
presynaptic boutons. We referred to these
locations as ROIs and retrospectively ana-
lyzed changes in spH fluorescence at these
locations as a measure of synaptic vesicle
release from individual presynaptic
boutons.

To quantify changes in spH fluores-
cence in response to stimulation of Schaf-
fer collaterals, we measured spH fluores-
cence before, during, and after electrical
stimulation and used peak spH fluores-
cence (spHp) as a measure of spH response to electrical stimula-
tion. We found that spHp depended on the number of stimula-
tions delivered to Schaffer collaterals (Fig. 1¢), confirming that,
similar to cell culture preparations (Sankaranarayanan and Ryan,
2000), acute brain slices are an appropriate preparation in which
spHp can be used as a reliable indicator of presynaptic activity.
Indeed, inhibition of postsynaptic receptors did not affect spH
response to electrical stimulation. Thus, in the presence of antag-
onists of ionotropic glutamatergic receptors NBQX (1 uMm) and
D-APV(50 uM), the spH response to electrical stimulation did not
significantly differ from that in control solution (data not
shown).

To confirm that spH is selectively expressed in presynaptic
boutons, we took advantage of TV-46 mice, a strain that expresses
spH selectively in CA1 neurons (Araki et al., 2005), and the fact
that there are no axon collaterals of CA1 neurons in the stratum
radiatum. We found that in slices from TV-46 mice, spH was
excluded from the stratum radiatum and did not respond to
electrical stimulation of Schaffer collaterals (Fig. 2). Thus, we
compared NH,Cl-dependent changes in spH fluorescence in
stratum radiatum (CA3-CAl synapses) and in stratum oriens
(CA1-subiculum synapses) in slices from TV-46 mice and spH21
mice, a strain that expresses spH in CA3 and CA1 neurons (Li et

100 1000

<«

stratum oriens. d, e, Changes in spH fluorescence as a function of time in the stratum radiatum
(red) and stratum oriens (green) before, during, and after 10 Hz stimulation of the stratum
radiatum and stratum pyramidale in hippocampal slices from spH27 (d) and TV-46 (e) mice.
Eachtraceis the average fluorescence from 21to 29 boutons (4 -5 slices). The fast decline in spH
fluorescence in experiments using 7V-46 mice is attributed to enhanced photobleaching of spH.
TV-46 mice express low levels of spH; therefore, stronger laser excitation must be used in those
slices. Calibration: vertical, 2%; horizontal, 2s.



Bayazitov et al.  Time Courses of Presynaptic and Postsynaptic LTP

a 10 Hz €
N :

i \ .

No DPSPX
With DPSPX

o

L

J. Neurosci., October 24, 2007 - 27(43):11510-11521 + 11513

If excitatory presynaptic terminals in
the CA1 area specifically express spH, can
activity-dependent changes in spHp be
used to detect changes in the probability of
neurotransmitter release in this area? We
tested this idea by increasing the ratio of
Ca’*/Mg?" from 1 (2 mm Ca**; 2 mm
- Mg>*)t02.5 (5mm Ca*";2 mmMg>") to

2 mM Ca®’
2 mM Mg*

b * 2mMCa®/2mM Mg | .
® 0.5mM Ca?*/ 2 mM Mg?*

2001s smmcaz/2mMMe? &%

elevate the probability of neurotransmitter
release. In turn, the spHp in those presyn-
aptic boutons increased by 57.7 * 12.1%
(47 boutons, six slices; p < 0.01) (Fig. 3b).
Conversely, decreasing the Ca**/Mg>"
ratio from 1 (2 mm Ca**; 2 mm Mg?") to

0.5mM Ca*
2 mM Mg**

Number of boutons

150 1 15 4

100 4 T 104

509 e .

Normalized peak AF

L.

0.25 (0.5 mm Ca**; 2 mm Mg*™") reduced
the spHp by 71.9 = 3.8% (p < 0.01) (Fig.
3b). The correlation between changes in
spHp and those in the fEPSP slope at dif-
ferent Ca**/Mg*" ratios was significant
(r = 0.87; p < 0.001). Frequency histo-
grams of spHp responses in individual
boutons were constructed from slices in

5mM Ca®*
2 mM Mg®

0 50 100 150 200 9

Normalized fEPSP slope

Figure 3.

Frequency histogram for spHp of individual boutons from slices in b.

al., 2005). Application of NH,Cl strongly increased spH fluores-
cence in both the stratum radiatum and stratum oriens of spH21
mice. In contrast, NH,Cl increased spH fluorescence only in the
stratum oriens of TV-46 mice (Fig. 2a). Furthermore, electrical
stimulation of spH21 Schaffer collaterals (axons of CA3 neurons)
increased fluorescence in boutons in the stratum radiatum, and
that delivered to the stratum pyramidale (cell bodies of CA1 neu-
rons) increased fluorescence in boutons in the stratum oriens
(Fig. 2b,d). In contrast, electrical stimulation of the stratum py-
ramidale in TV-46 slices changed spH fluorescence in the stratum
oriens, whereas stimulation of Schaffer collaterals failed to induce
any changes in the stratum radiatum (Fig. 2¢,e). These results are
consistent with spH expression being confined to presynaptic
terminals.

Although spH can be expressed in presynaptic terminals of
both excitatory and inhibitory neurons in spH21 mice, three lines
of evidence indicated that the fluorescence in the CA1 area mostly
originated from presynaptic boutons of CA3 glutamatergic neu-
rons. First, presynaptic terminals of excitatory CA3 pyramidal
neurons account for the vast majority of terminals in this region
(Hiscock et al., 2000). Second, >70% of spH-expressing presyn-
aptic boutons in the hippocampus of spH21 mice are glutamater-
gic (Li et al., 2005). Third, the adenosine receptor antagonist
DPSPX (10 uM), which relieves tonic presynaptic inhibition in
glutamatergic but not GABAergic synapses (Dunwiddie et al.,
1981; Li et al., 2005), dramatically augmented spHp in all (38 of
38) measured boutons in spH2I mice (Fig. 3a). Furthermore,
failure of NBQX and APV to inhibit changes in spH fluorescence
in response to stimulation further suggests that changes in spH
fluorescence originate from excitatory but not inhibitory presyn-
aptic terminals.

‘"‘l _

illi.
10 15

Peak AF/F;*100%

SpH is the indicator of presynaptic activity. a, The spH fluorescence versus time before, during, and after 10 Hz
stimulation in the absence (open squares) or presence (closed circles) of DPSPX (10 wum; 38 boutons, 8 slices). Experiments were
done in the presence of 50 wm p-APV. Calibration: vertical, 5%; horizontal, 2 5. b, The spHp as a function of the fEPSP slope in
response to 10 Hz (5 s) stimulation measured in solution with normal (black), low (red), or high (green) ratio of Ca>* /Mg 2 * (47
boutons, 6 slices). The relationship between changes in spHp and those in the fEPSP slope was fitted as a linear regression function
(blue line; AspHp;, = 1/k X (AfEPSP slopey,), where k = 0.89. Squares represent the average of each set of experiments. ¢,

the presence of these three different Ca>*/
Mg>" ratios (Fig. 3c). There was a clear
shift in the distribution of spHp toward
lower values when the Ca®"/Mg>" ratio
was decreased from 1 to 0.25. Conversely,
the distribution of spHp was shifted to-
ward higher values when the Ca**/Mg>*
ratio was switched from 1 to 2.5. Together,
these data suggest that changes in spHp
induced by activation of Schaffer collater-
als can be used as a direct and reliable indicator of changes in
presynaptic activity at CA3—CA1 synapses.

Slow development of the presynaptic component of
compound LTP

To monitor presynaptic changes during both early and late
phases of LTP, we monitored changes in spHp and fEPSPs from
the same region of the CA1 area in slices from spH21 mice before
and for 3 h after induction of various forms of LTP. Previous
work in isolated neurons maintained in culture showed that spH
can detect presynaptic changes in response to a single stimulation
(Gandhi and Stevens, 2003). However, our experiments in acute
slices showed that spH changes can be more reliably detected if
activated by a train of synaptic stimulation. Therefore, we repeat-
edly tested spHp by using a 10 Hz (5 s) probe in the same presyn-
aptic terminals before and after induction of LTP. We chose this
testing protocol for the following reasons: (1) the 10 Hz probe did
not induce any long-term changes in the fEPSP slope or spHp,
even after multiple applications (Fig. 4a); (2) the 10 Hz probe did
not affect potentiation of the fEPSP slope during LTP (data not
shown); (3) all 50 fEPSPs evoked by the 10 Hz probe underwent
similar potentiation after induction of LTP (data not shown),
indicating that like a single stimulation, the 10 Hz probe can be
used in LTP experiments to test synaptic strength rather than
short-term plasticity; and (4) the increase in spH fluorescence
produced by the 10 Hz probe (50 stimuli) was within the rising
portion of the dose—response curve (Fig. 1¢).

During compound LTP induced by 200 Hz tetanization, both
synaptic strength and presynaptic function significantly in-
creased and remained elevated as long as 3 h after induction of
LTP (Fig. 4a). These data indicate that the presynaptic compo-
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nent contributes not only at 40 and 60 min
after induction of LTP, as was shown pre-
viously using the FM 1-43 assay (Za-
kharenko et al., 2001, 2003), but also dur-
ing the late phase of LTP. Interestingly, the
time courses of changes in the fEPSP slope
and spHp were dramatically different. The
half-time (#,,,) of the increase in the fEPSP
slope was 1.8 = 0.9 min (18 slices),
whereas that of the spHp rise was 35.8 =

200 Hz
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spHp (Fig. 4c, 5 and 30 min). The gap be- T Nomalized PSP slope 2 ' Tinj: (min) : :

tween changes in fEPSPs and spHp nar-
rowed (Fig. 4a), and a correlation between
these changes became apparent starting
1 h after induction of LTP (Fig. 4¢, 60 and
180 min). Similar data obtained in the
presence of 100 uM picrotoxin suggested
that inhibitory transmission does not ac-
count for the fast increase in the fEPSP
slope and the slow increase in spHp in-
duced by 200 Hz tetanization (data not
shown).

We tested the hypothesis that the pre-
synaptic component of compound LTP is expressed transiently
during the first 5 min after tetanization by measuring spHp and
the fEPSP slope with a higher temporal resolution during the first
60 min after 200 Hz tetanization (Fig. 4d). More frequent stimu-
lation with the 10 Hz probe did not significantly affect the LTP of
fEPSPs measured 1 h after 200 Hz tetanization ( p > 0.05) (data
not shown). As in previous experiments, synaptic strength in-
creased immediately after tetanization, but the increase in pre-
synaptic function was substantially delayed. Thus, the fEPSP
slope increased rapidly (¢,,, = 0.9 = 0.6 min; 5 slices), and spHp
increased significantly slower (¢,,, = 33.2 = 14.9 min; 40 bou-
tons, 5 slices; p < 0.002), indicating that the presynaptic compo-
nent of LTP is not expressed during the first minutes after
tetanization.

The robust increase in spHp and strong correlation between
spHp and the fEPSP slope during the late phase of LTP indicate
that at a certain time increased synaptic strength is indeed asso-
ciated with enhanced presynaptic function. However, the in-
crease in spHp alone cannot explain the overall increased synap-
tic strength, especially during the early phase of LTP, because
there was no correlation between changes in spHp and the fEPSP
slope during the first 30 min after induction of LTP (Fig. 4c).
Therefore, we conclude that compound LTP requires at least two
components, the presynaptic component that can be monitored
using the spH assay and the “nonpresynaptic” component that

Figure 4.

Compound LTP consists of slow presynaptic and fast postsynaptic components. a, Changes in the mean fEPSP slope
(red symbols) and mean spHp (peak AF; green symbols) time courses of 18 slices (128 boutons) in which LTP was induced by 200
Hz tetanization (down arrow; filled symbols) and for six slices (45 boutons) that were not tetanized (open symbols). b, The
representative fEPSP (red; average of 4 traces) and activity-dependent changes in spH fluorescence (green; average of 4 boutons)
before and after 200 Hz tetanization. The numbers represent time points in a. ¢, Changes in fEPSPs as a function of changes in peak
AF measured 5, 30, 60, and 180 min after 200 Hz tetanus. Red lines show the linear fit of experimental data; the lines were
generated by using least-squares approximation. Dotted lines represent the theoretical function fEPSP slope = peak AF.d, The
time courses of changes in the mean fEPSP slope (red symbols) and mean peak AF (green symbols) after LTP was induced by 200
Hz tetanization (40 boutons, 5 slices). This experiment was similar to that in @, but measurements of spHp were done during the
first 60 min after induction of LTP.

can be deduced from measuring the fEPSP slope and spHp. Given
the considerable evidence identifying postsynaptic neurons as a
potential site of LTP expression, we assumed that the “nonpr-
esynaptic” component represents the postsynaptic component of
LTP.

Requirement of NMDARs and L-VGCCs for postsynaptic and
presynaptic components of compound LTP

Compound LTP at CA3-CA1 synapses requires Ca>" influx into
the postsynaptic CAl neuron (Lynch et al., 1983; Grover and
Teyler, 1990) through NMDARs or L-VGCCs (Grover and Tey-
ler, 1990; Sabatini and Svoboda, 2000; Yasuda et al., 2003b). Pre-
vious FM 1-43 data indicate that L-VGCCs are crucial for the
presynaptic component (Zakharenko et al., 2001, 2003). How-
ever, the role of NMDARs in presynaptic and postsynaptic com-
ponents of compound LTP remains unclear.

To determine NMDAR function in presynaptic and postsyn-
aptic components of LTP, we measured fEPSP and spHp before
and after compound LTP induction in the presence of the
NMDAR inhibitor D-APV (50 um). NMDAR-independent LTP
occurs at CA3—CAL1 synapses (Grover and Teyler, 1990; Stricker
etal., 1999; Moosmang et al., 2005); however, the cellular locus of
its expression is unknown. In the presence of D-APV, the in-
creases in the fEPSP slope and spHp stimulated by 200 Hz teta-
nization were significantly reduced by 76.5 * 7.1% (eight slices;
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Figure 5.  Role of NMDARs, L-VGCCs, and AMPARs in presynaptic and postsynaptic compo-

nents of compound LTP. a, b, Average fEPSP slope (red) and spHp (peak AF; green) in slices that
were tetanized by 200 Hz in the presence of -APV (52 boutons, 8 slices) (a) or when b-APV was
applied after tetanization (35 boutons, 5 slices) (b). ¢, d, Average fEPSP slope (red) and peak AF
(green) in slices that were tetanized by 200 Hz in the presence of nitrendipine (76 boutons, 11
slices) (¢) or when nitrendipine was applied after tetanization (17 boutons, 3 slices) (d). e, f, The
peak AFversus time before and after 200 Hz tetanization in the presence of 1 wm NBQX and 50
M p-APV (39 boutons, 6 slices) and in the presence of 0.65 m NBQX and 50 pum p-APV (46
boutons, 6 slices) (e) and when NBQX alone was applied after 200 Hz tetanization (18 boutons,
4slices) (f). Horizontal dotted lines represent 0% change, and the horizontal solid lines (b, d, f)
represent when drugs were applied after tetanization.

p < 0.01) and 36.7 = 9.9% (52 boutons, eight slices; p < 0.05),
respectively (Fig. 5a), compared with that in the absence of
D-APV (Fig. 6). These data confirm previous findings that
NMDAR-independent LTP is expressed at CA3-CAl synapses.
Furthermore, a small but significant decrease in spHp in the pres-
ence of D-APV indicates that expression of the presynaptic com-
ponent of compound LTP may partially depend on NMDARs.

The gap between the time courses of changes in the fEPSP
slope and spHp induced by 200 Hz tetanization closed in the
presence of D-APV; the £, for the fEPSP slope rise was not sig-
nificantly different from that of the spHp rise (28.6 = 9.7 min vs
30.4 = 7.0 min; 52 boutons, eight slices; p > 0.05, paired ¢ test).
D-APV applied before but not after tetanization effectively inhib-
ited the increase in fEPSPs and spHp, indicating that NMDARs
are required for induction but not expression mechanisms of
compound LTP and its presynaptic component (Fig. 5b). Similar
time courses and amplitudes of change in the fEPSP slope and
spHp in the presence of D-APV imply that the inhibition of
NMDARs blocks the induction of the fast postsynaptic compo-
nent of compound LTP and that NMDAR-independent LTP is
expressed predominantly presynaptically.

Next, we tested a role of L-VGCCs in compound LTP and its
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Figure6. Normalized AUCs measured duringa 3 h period after time 0 for the fEPSP slope and
spHp (peak AF). Slices were either not tetanized or tetanized by 200 Hz in the absence or
presence of 20 wm nitrendipine, 50 m p-APV, or a combination of 50 M p-APV and 1 um
NBQX. Data were normalized to the corresponding average determined in slices tetanized by
200 Hz in the control solution. *p << 0.05.

presynaptic component by monitoring changes in the fEPSP
slope and spHp in the presence of the L-VGCC inhibitor nitren-
dipine (20 uM). Nitrendipine did not affect basal synaptic trans-
mission or neurotransmitter release (i.e., neither the fEPSP slope
nor the spHp significantly changed) (data not shown). However,
inhibition of L-VGCCs during induction of LTP attenuated com-
pound LTP and almost completely blocked its presynaptic com-
ponent. Thus nitrendipine significantly reduced the 200 Hz
tetanization-induced changes in the fEPSP slope by 49.8 = 6.4%
(11 slices; p < 0.01) and those in the spHp by 91.6 = 12.3% (76
boutons, 11 slices; p < 0.01) (Fig. 5¢), compared with that in-
duced in the absence of nitrendipine (Fig. 6). Nitrendipine com-
pletely blocked the late phase and partially inhibited the early
phase of the presynaptic component of compound LTP (Fig. 5¢).
Thus, in the presence of nitrendipine, spHp transiently increased
at 30 min after tetanization ( p < 0.05) and then declined to the
baseline level. The inhibitory effect of nitrendipine on the presyn-
aptic component of compound LTP was evident when it was
applied before but not after induction of LTP (Fig. 5¢,d). These
data indicate that L-VGCCs are required during induction of LTP
and contribute to mechanisms of long-term expression of the
presynaptic component of LTP.

Previous data indicated that the induction of compound LTP
originates from postsynaptic neurons (Grover and Teyler, 1990).
To determine whether the presynaptic component of compound
LTP requires depolarization of a postsynaptic neuron, we
blocked AMPA receptors (AMPARs) with NBQX, and we
blocked NMDARs with D-APV. We recorded only changes in
spHp because postsynaptic responses were blocked. We found
that NBQX blocked the increase in spHp induced by 200 Hz
tetanization if applied before but not after induction of LTP (Fig.
5e,f). In the presence of 1 um NBQX, but not in the presence of
0.65 uM NBQX (the minimal concentration that completely
blocks fEPSPs) (data not shown) the spHp transiently decreased
at 5 min after tetanization, suggesting that at higher concentra-
tions, NBQX directly interferes with presynaptic function via
AMPAR-independent mechanisms. Overall, these data indicate
that depolarization and the subsequent influx of Ca** through
L-VGCCs into postsynaptic neurons are required for expression
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Figure7.  TBSinduces compound LTP that consists of slow presynaptic and fast postsynaptic
components. a, Mean fEPSP slope (red) and spHp (peak AF; green) as functions of time in slices
that were stimulated by TBS (75 boutons, 9 slices). b, Mean fEPSP slope vs time in slices before
and after TBS in the presence (open circles; 9 slices) or absence (closed circles; 11 slices) of
nitrendipine. ¢, Mean fEPSP slope (red) and spHp (peak AF; green) as a function of time in slices
that were stimulated by TBS in the presence of p-APV (31 boutons, 5 slices). Down arrows
represent the onset of TBS.

of the presynaptic component of LTP. This finding supports pre-
vious results demonstrating that chelating postsynaptic Ca*"
blocks induction and expression of all forms of LTP at CA3—-CA1
synapses (Grover and Teyler, 1990).
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Figure 8. Tetanization with 50 Hz induces postsynaptic LTP. @, Mean fEPSP slope (red) and

spHp (peak AF; green) as a function of time in slices that were tetanized with 50 Hz (69 boutons,
10 slices). b, Average fEPSP slope as a function of time in slices tetanized with 50 Hz in the
presence (open circles; 6 slices) or absence (closed circles; 6 slices) of nitrendipine. Down arrows
represent the onset of 50 Hz tetanization. Different scaling in @ and b was chosen because the
data were represented with unequal sampling frequencies.

Compound LTP induced by TBS consists of slow presynaptic
and fast postsynaptic components

We examined whether the difference in time courses of the pre-
synaptic component and postsynaptic component is a general
phenomenon of compound LTP. To this end, we monitored
changes in synaptic strength and presynaptic function induced by
the TBS protocol, which also induces compound LTP at CA3—
CA1 synapses (Morgan and Teyler, 2001; Zakharenko et al.,
2003). Like 200 Hz tetanization, TBS induced the fast increase in
synaptic strength (fEPSP #,,, = 1.38 = 0.8 min; nine slices) and
the slow increase in presynaptic function (spHp ¢,,, = 32.3 £ 7.5
min; 75 boutons, nine slices; p < 0.005, paired ¢ test) (Fig. 7a).
TBS induced LTP that was partially dependent on L-VGCCs (Fig.
7b); nitrendipine hindered the TBS-induced increase in the
fEPSP slope by 32.3% ( p < 0.05). Furthermore, similar to 200 Hz
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have different mechanisms of expression.
The slow increase in presynaptic function
during compound LTP was reminiscent of
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chemically induced, PKA-dependent LTP
that can be induced at CA3—CAL1 synapses
by increasing the intracellular level of
cAMP (Frey et al., 1993; Bolshakov et al.,
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ence and absence of the cell-permeable,
PKA-specific inhibitor PKI 14-22 amide
(1 mM). PKI significantly attenuated the
increase in the fEPSP slope ( p < 0.05) and
eliminated the increase in spHp induced
by 200 Hz tetanization (Fig. 9a,b). Inter-
estingly, there was a transient decrease in
spHp in the presence of PKI at 5 min after
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Figure 9.

function of time before and after 15-min application of 0.5 mm dbcAMP (45 boutons, 6 slices).

LTP, TBS induced slow-developing NMDAR-independent LTP
that was expressed presynaptically (Fig. 7¢). In the presence of
D-APV, TBS slowly increased the fEPSP slope and spHp; the time
courses of these changes were not significantly different (p >
0.05). Together, these results indicate that compound LTP com-
prising slow presynaptic and fast postsynaptic components can
be induced by either 200 Hz tetanization or TBS.

LTP induced by 50 Hz tetanization consists only of the fast
postsynaptic component

To determine whether NMDAR-dependent LTP represents the
fast postsynaptic component of compound LTP, we monitored
changes in the fEPSP slope and spHp before and after 50 Hz
tetanization, which induces NMDAR-dependent LTP only
(Grover and Teyler, 1990; Zakharenko etal., 2001). Previous data
showed that the rate of FM 1-43 destaining did not change when
measured at a single time point (40 min) after induction of 50 Hz
LTP. However, the entire time course of presynaptic changes
during 50 Hz LTP could not be determined. In this study, 50 Hz
tetanization significantly increased the fEPSP slope but not spHp
(Fig. 8a). Furthermore, nitrendipine did not alter LTP induced by
50 Hz tetanization ( p > 0.05) (Fig. 8b). These data indicate that
LTP induced with the 50 Hz protocol is indeed expressed exclu-
sively postsynaptically.

The cAMP-PKA signaling is crucial for expression of the
presynaptic but not postsynaptic component of

compound LTP

Although presynaptic and postsynaptic components of LTP are
initiated in postsynaptic neurons, our results suggested that they

0 50 w0 150 200 50 0 50
Time (min)

The presynaptic, but not the postsynaptic, component of compound LTP depends on PKA activity. a, Mean fEPSP
slope (red) and spHp (peak AF; green) as a function of time before and after 200 Hz tetanization (down arrow) in the presence
(open symbols; 62 boutons, 8 slices) or absence (control, closed symbols; 54 boutons, 7 slices) of PKI. b, Normalized AUCs
measured in slices during a 3 h period after 200 Hz tetanization for the fEPSP slope, peak AF, and the function (fEPSP slope — peak
AF)inthe presence (white bars) or absence (control, gray bars) of PKI. ¢, Average fEPSP slope before and after 50 Hz tetanization
in the presence (open circles; 7 slices) or absence (control, filled circles; 10 slices) of PKI. d, Mean fEPSP slope and peak AF as a

diately after tetanus. Together these results
indicate that PKA is crucial for expression
of the presynaptic component of com-
pound LTP.

Application of PKI partially inhibited
LTP of fEPSPs at 5 min after tetanization, a
time when the increase in spHp was not
always evident. These data indicate that in
addition to its crucial role in the late phase
of compound LTP and its presynaptic
component, PKA may have some role in
the early phase of compound LTP and therefore in its postsynap-
tic mechanisms. Indeed, previous observations attributing the
effect of cCAMP-PKA-dependent pathways mostly to the late
phase of LTP (Frey et al., 1993; Huang and Kandel, 1994; Winder
et al., 1998), although one report showed that PKA can be in-
volved in the early phase of LTP (Otmakhova et al., 2000). To
address the role of PKA in postsynaptic LTP, we induced LTP by
50 Hz tetanization in the presence of PKI. The increase in fEPSPs
induced by 50 Hz tetanization was not altered by PKI (Fig. 9¢),
suggesting minimal involvement of the PKA-dependent cascade
in postsynaptic mechanisms of LTP.

Finally, after showing that PKA is important for presynaptic
mechanisms of compound LTP, we examined whether PKA ac-
tivation is sufficient to selectively increase presynaptic function.
We bath applied the membrane-permeable cAMP analog db-
cAMP (0.5 mM) to activate PKA and then monitored subsequent
changes in the fEPSP slope and spHp. We found that both mea-
sures were significantly enhanced (Fig. 9d). Interestingly, the am-
plitudes and time courses of the dbcAMP-induced increases in
spHp and the fEPSP slope were very similar, i.e., the ¢,,, of the
increase in the fEPSP slope was 35.3 = 10.7 min (six slices), and
that of the increase in spHp was 26.8 * 7.4 min (45 boutons, six
slices, p > 0.05). Together, these results suggest that the PKA-
dependent increase in synaptic strength is attributable to en-
hanced neurotransmitter release from presynaptic neurons.

Discussion

Here, we provided the first report of continuously monitored
changes in presynaptic function and synaptic strength during
LTP, providing new insight into the nature of hippocampal LTP.
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Using this approach, we found that compound LTP, induced
either by 200 Hz or TBS, consists of a slow presynaptic compo-
nent and a fast postsynaptic component. The slow presynaptic
component requires activation of L-VGCCs. The fast postsynap-
tic component strongly depends on activation of NMDARSs. Fi-
nally, the expression of the presynaptic but not the postsynaptic
component of compound LTP strongly depends on PKA.

We conclude that the spH assay in combination with TPLSM
imaging can be used as a direct and reliable indicator of presyn-
aptic function at excitatory synapses in acute hippocampal slices.
First, expression of spH in slices from mature mice specifically
targets presynaptic terminals of pyramidal neurons. Second,
changes in spHp strongly correlate with changes in postsynaptic
response when the probability of neurotransmitter release is ma-
nipulated. Third, bath application of adenosine antagonists,
which others have shown to relieve presynaptic inhibition at ex-
citatory but not at inhibitory synapses (Dunwiddie et al., 1981; Li
et al., 2005), increases spHp in all measured boutons.

Using the spH assay, we showed for the first time that the
presynaptic component of LTP not only develops slowly, but can
last for as long as 3 h after induction. This finding indicates that
presynaptic function changes little during the early phase of LTP,
but has a greater contribution during the late phase of LTP. As a
corollary to these results, the contribution of postsynaptic mech-
anisms is more profound during the early phase of LTP. This
notion is supported by the evidence that the time course of the
increase in postsynaptic response was strikingly different from
that of the presynaptic function. After induction of LTP, synaptic
strength grew fast with a t,,, of ~1 min, whereas its presynaptic
component was more sluggish and grew with a t,,, of ~35 min. In
agreement with this observation, previous data indicate that in-
duction of LTP induces rapid morphological and functional
changes in dendritic spines, supporting the idea of the fast
postsynaptic component of LTP (Lang et al., 2004; Matsuzaki et
al., 2004; Park et al., 2004; Bagal et al., 2005; Kopec et al., 2006).

Previous attempts to directly test time courses of presynaptic
function during LTP proved to be very challenging. Recordings
from postsynaptic neurons that are inherently indirect provided
contradictory results. For instance, postsynaptic neurons did not
respond to ionophoretically applied quisqualate and AMPA im-
mediately after induction of LTP, but became sensitive to the
agonists 30 min later (Davies et al., 1989). However, postsynaptic
neurons are more sensitive to glutamate uncaging immediately
after induction of LTP (Bagal et al., 2005). Furthermore, previous
work in the barrel cortex suggested that presynaptic function
increases during LTP, as determined by paired-pulse analysis,
coefficient of variation analysis, and quantal analysis, in addition
to a faster GluR1-dependent postsynaptic component of LTP
(Hardingham and Fox, 2006).

Previously, Lisman and Raghavachari (2006) proposed a hy-
pothesis to reconcile existing data on presynaptic and postsynap-
tic mechanisms of LTP. Based on work from many different lab-
oratories, they postulated that LTP consists of several temporally
overlapping processes that include a slow developing presynaptic
component and rapidly developing postsynaptic component.
This hypothesis inferred a slow presynaptic component of LTP
because the NMDAR component of postsynaptic responses de-
velops slower than the AMPAR component (Xiao et al., 1995;
Watt et al., 2004). Our present work thus provides the direct
experimental evidence for this hypothesis.

Both presynaptic and postsynaptic components of compound
LTP require an increase in Ca>" in the postsynaptic CA1 neuron
(Grover and Teyler, 1990). NMDARs and L-VGCCs are respon-
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sible for most of the Ca®" influx from the extracellular space.
Here, we have addressed how these two routes of Ca?" influx
contribute to the temporal phases of presynaptic and postsynap-
tic LTP. We have demonstrated that L-VGCCs are necessary for
expression of the late phase of the presynaptic component of
LTP; nitrendipine completely blocked the late phase and only
partially inhibited the early phase of the presynaptic changes.
These findings are consistent with data from a previous study in
which we measured the rate of FM 1-43 destaining to visualize
the presynaptic component of compound LTP (Zakharenko et
al., 2001). In that work, we found that, at 40 min after induction
of compound LTP, the presynaptic function was only partially
inhibited by nitrendipine. In our present work, we show that in
the presence of nitrendipine, the presynaptic component tran-
siently increased at 30 min and then slowly declined. This finding
emphasizes the advantage of using the spH assay over the FM
1-43 assay to achieve a greater understanding of compound LTP
and its presynaptic component. Because of multiple loading and
unloading of the FM 1-43 dye into slices, the FM 1—43 assay can
provide only one or two “snapshots” of the presynaptic function,
whereas the spH assay reveals a complete time course of the pre-
synaptic component of compound LTP.

We also found that NMDA channels are crucial for the
postsynaptic component of LTP. NMDAR blocker completely
eliminated the fast component of compound LTP and the time
course and magnitude of NMDAR-independent LTP of fEPSPs
and spHp were indistinguishable. These data suggest that these
two routes of Ca*" influx operate in parallel. Induction of com-
pound LTP in the presence of an L-VGCC inhibitor results in fast
postsynaptic LTP, whereas induction of compound LTP in the
presence of an NMDAR inhibitor produces the slow presynaptic
component.

Because both L-VGCCs and NMDARSs require depolarization
of the postsynaptic membrane for their activation (Mayer et al.,
1984; Nowak et al., 1984; Lipscombe et al., 2004), depolarization
of the postsynaptic membrane rather than the increase in Ca**
level in a postsynaptic neuron is probably a dissociation point for
expression of the presynaptic and postsynaptic components of
compound LTP. Indeed, 200 Hz stimulation failed to induce the
presynaptic component of LTP when both postsynaptic AMPA
and NMDA receptors were blocked. Therefore, we propose that
during induction of LTP, glutamate activates postsynaptic
AMPA receptors, which in turn, depolarize the postsynaptic
membrane, thereby activating both NMDARs and L-VGCCs. Ac-
tivation of these channels gives rise to two independent Ca**
routes into a postsynaptic neuron, eventually dissociating the
postsynaptic and presynaptic components of compound LTP. It
is therefore conceivable that a combination of several factors such
as the levels of expression of AMPARs, NMDARs, and L-VGCCs
determine whether presynaptic or postsynaptic components of
LTP are predominantly expressed at a particular synapse.

The presynaptic component of compound LTP was partially
(36%) inhibited in the presence of the NMDAR antagonist
D-APV. This result implies that the presynaptic component of
LTP not only depends on L-VGCCs, but also requires NMDARs
for full expression. An alternative interpretation of this result is
that induction of LTP produces a weaker depolarization in the
presence of D-APV that may result in incomplete activation of
presynaptic mechanisms.

The postsynaptic induction and partial presynaptic expres-
sion of compound LTP suggests the existence of a retrograde
signal. Slow development of the presynaptic component indi-
cates that the entire process of the retrograde signals’ synthesis,
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delivery to presynaptic terminals, and effect on the neurotrans-
mitter release machinery occurs within the first hour after induc-
tion of LTP. However, little is known about the nature of the
retrograde signal or about how this signal regulates presynaptic
activity.

Itis now clear that during LTP the molecular mechanisms that
underlie the increase in presynaptic function differ from those
that underlie postsynaptic functions. Although great progress has
been made toward understanding the mechanisms of the
postsynaptic component of LTP, those of the presynaptic com-
ponent have remained somewhat murky because of technical
difficulties associated with isolating presynaptic function from
overall changes in synaptic strength. As was discussed previously,
attempts to verify involvement of certain molecules in LTP by
using conventional electrophysiological methods have provided
controversial data. Previous developments in imaging ap-
proaches in slice preparations have helped to delineate the roles
of several molecules in the presynaptic and postsynaptic compo-
nents of compound LTP. For instance, developing a method to
directly measure presynaptic activity in acute hippocampal slices
by using the FM 1-43 dye facilitated the discovery of two loci of
LTP expression. Moreover, application of the FM 1-43 assay to
hippocampal slices from mice with a restricted deletion of BDNF
revealed that the expression of only the presynaptic component
of LTP depends on BDNF and that the source of BDNF during
LTP is postsynaptic CAl neurons (Zakharenko et al., 2003).
However, despite its advantages, the FM 1-43 method is labori-
ous and is associated with prolonged loading and unloading pro-
tocols that make it difficult to follow functional changes in a
single presynaptic bouton for the duration of LTP. A new ap-
proach that circumvents these two major drawbacks is the spH
assay. We used this approach and followed changes in the same
subset of presynaptic terminals over a much longer period of time
than possible when we used the FM 1-43 assay. By using the spH
assay to retest many molecules that were previously implicated in
LTP, we can specifically address their roles in presynaptic and/or
postsynaptic mechanisms.

Here, we used the spH assay to pinpoint the cellular locus of
PKA in compound LTP. We have addressed the role of PKA in
LTP for two main reasons. First, the role of PKA in LTP is
controversial. Different groups using various induction pro-
tocols in animals of various ages have provided mixed results
indicating that PKA may be important for only a subset of
mechanisms involved in LTP (Blitzer et al., 1995; Abel et al.,
1997; Yasuda et al., 2003a; Skeberdis et al., 2006). Second, the
slow increase in spH response during compound LTP was
reminiscent of cAMP-PKA-dependent, chemically induced
LTP (Frey et al., 1993; Otmakhov et al., 2004). We have now
shown that the cAMP-PKA cascade is necessary for the pre-
synaptic component of compound LTP. Inhibition of PKA
blocked the increase in spHp, but only partially inhibited the
increase in fEPSPs induced by 200 Hz tetanization. We also
shown that activation of the cAMP-PKA cascade is sufficient
to induce the increase in presynaptic function that resembles
the slow presynaptic component of compound LTP. In the
current study, we did not test whether the slow enhancement
of synaptic transmission and presynaptic function induced by
cAMP depends on NMDARs or L-VGCCs. However, previous
data indicate that bath application of a cAMP agonist with
low-frequency synaptic stimulation (using an experimental
protocol that is similar to the one used in this work) potenti-
ated synaptic transmission, and this potentiation was inhib-
ited by NMDAR antagonists (Otmakhov et al., 2004).
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Interestingly, by inhibiting PKA, we reduced the fEPSPs at 5
min after 200 Hz tetanization, when the presynaptic component
of LTP had not yet developed. This data suggests that in addition
to being crucial for the presynaptic component of LTP, PKA is
also required for the postsynaptic mechanisms. Indeed, previous
studies have shown that infusion of PKA inhibitors into a
postsynaptic CA1 neuron partially inhibits LTP, further support-
ing this premise (Blitzer et al., 1995; Otmakhova et al., 2000;
Duffy and Nguyen, 2003).

Although reduction of LTP of fEPSPs at 5 min after 200 Hz
tetanization was evident when either PKA (Fig. 9a) or
L-VGCCs (Fig. 5¢) were inhibited, LTP of fEPSPs induced by
50 Hz tetanization was unaffected by either of these pharma-
cological manipulations. Interestingly, the increase in fEPSPs
induced by 50 Hz tetanization was significantly smaller than
thatinduced by 200 Hz tetanization or TBS. These data suggest
that the postsynaptic component of compound LTP has a
range of expression that depends on the strength and duration
of tetanization. Although the 50 Hz protocol reliably induces
postsynaptic LTP, it is conceivable that stronger (and possibly
mechanistically distinct) postsynaptic LTP can be induced by
more intense tetanization. This notion is consistent with our
previous work, where we showed that both 50 Hz and 100 Hz
induction protocols produced postsynaptic LTP (neither in-
duction protocol changed presynaptic function, as indicated
by the unchanged rate of FM 1-43 destaining from presynap-
tic terminals) (Zakharenko et al., 2001). However, the 100
Hz-LTP had a substantially larger amplitude of potentiation of
the fEPSPs than did the 50 Hz LTP. Therefore, stronger teta-
nization such as that induced by the 200 Hz protocol may also
induce a postsynaptic LTP that is quantitatively (or mechanis-
tically) different from that induced by 50 Hz tetanization.
Nonetheless, the fact that postsynaptic LTP induced by 50 Hz
tetanization did not appear to be affected by either PKA or
L-VGCC inhibitors suggests that if PKA or L-VGCCs are in-
volved in postsynaptic mechanisms, their contribution to that
component of LTP is substantially less dramatic than their
contribution to the presynaptic mechanisms.

Dependence of the presynaptic component of compound LTP
on PKA suggests two major possibilities: induction of LTP mo-
bilizes the cAMP-PKA-dependent cascade either in the presyn-
aptic terminals to directly enhance presynaptic function or in the
postsynaptic neurons to promote production of a retrograde
messenger (Arancio et al., 1995, 1996; Futai et al., 2007; Tao and
Poo, 2001). The existence of presynaptic cAMP-PKA-sensitive
targets such as Rim1 e, rabphilin, and synapsins that are involved
in the mechanisms of neurotransmitter release favors the former
scenario. Furthermore, phosphorylation of Rim1a by PKA plays
a crucial role in presynaptic LTP at cerebellar parallel fiber syn-
apses (Lonart et al., 2003) and hippocampal mossy fiber synapses
(Castillo et al., 2002). However, previous evidence that PKA fa-
cilitates Ca*" influx into CA1 neurons (Skeberdis et al., 2006),
possibly enhancing production of a retrograde messenger favors
the latter scenario.

In conclusion, our results provide strong direct evidence that
LTP at CA3-CA1 synapses is not a single-compartment phenom-
enon, but rather a convolution of both presynaptic and postsyn-
aptic processes that independently strengthen the synapse. This
compound LTP consists of a fast postsynaptic component and a
slow presynaptic component. These two components of LTP are
well coordinated but mechanistically distinct.
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