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Coincidence Detection and Stress Modulation of Spike
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Associative long-term depression (LTD) in the hippocampus is a form of spike time-dependent synaptic plasticity that is induced by the
asynchronous pairing of postsynaptic action potentials and EPSPs. Although metabotropic glutamate receptors (mGluRs) and postsyn-
aptic Ca*" signaling have been suggested to mediate associative LTD, mechanisms are unclear further downstream. Here we show that
either mGluR1 or mGluR5 activation is necessary for LTD induction, which is therefore mediated by group I mGluRs. Inhibition of
postsynaptic phospholipase C, inositol-1,4,5-trisphosphate, and PKC prevents associative LTD. Activation of PKC by a phorbol ester
causes a presynaptic potentiation of synaptic responses and facilitates LTD induction by a postsynaptic mechanism. Lithium, an inhib-
itor of the PKC pathway, inhibits LTD and the presynaptic and postsynaptic effects of the phorbol ester. Furthermore, LTD is sensitive to
the postsynaptic application of synthetic peptides that inhibit the interaction of AMPA receptors with PDZ domains, suggesting an
involvement of protein interacting with C-kinase 1 (PICK1)-mediated receptor endocytosis. Finally, enhanced PKC phosphorylation,
induced by behavioral stress, is associated with enhanced LTD. Both increased PKC phosphorylation and stress-induced LTD facilitation
can be reversed by lithium, indicating that this clinically used mood stabilizer may act on synaptic depression via PKC modulation. These
data suggest that PKC mediates the expression of associative LTD via the PICK1-dependent internalization of AMPA receptors. Moreover,

modulation of the PKC activity adjusts the set point for LTD induction in a behavior-dependent manner.

Introduction

Spike time-dependent plasticity (STDP) depends on temporal
association between presynaptic and postsynaptic activity. The
order of presynaptic and postsynaptic spiking determines the
sign of long-term modification of a variety of glutamatergic syn-
apses in the brain (Dan and Poo, 2006). Within a time window of
several tens of milliseconds, multiple repetitions of a sequence in
which an EPSP induced by presynaptic stimulation precedes a
postsynaptic action potential (EPSP—AP) will cause long-term
potentiation (LTP), whereas an AP—EPSP sequence will result
in long-term depression (LTD).

In a simplistic model, two basic signals are required for the
induction of STDP: the presynaptic release of glutamate and the
backpropagating postsynaptic action potential. Which cellular
structures detect the temporal sequence of these signals and
translate this information into a potentiation (EPSP—AP) or
depression (AP—EPSP) of synaptic strength? The first candidate
is the postsynaptic NMDA receptor. NMDA receptors are largely
blocked by Mg?™ at resting membrane potentials. This block can

Received Dec. 28, 2009; accepted March 10, 2010.
This work was supported by grants from the Deutsche Forschungsgemeinschaft to C.N. (No 370/3) and J.B. (Bi
642/2 and SFB 780). We thank Sarah Greiner for performing the Western blots.
*P.N. and G.S. contributed equally to this work.
Correspondence should be addressed to Claus Normann, Department of Psychiatry, University of Freiburg,
Hauptstrasse 5, D-79104 Freiburg, Germany. E-mail: claus.normann@uniklinik-freiburg.de.
P. Niehusmann’s present address: Department of Neuropathology, University of Bonn, Germany.
DOI:10.1523/JNEUR0SCI.6411-09.2010
Copyright © 2010 the authors ~ 0270-6474/10/306225-11$15.00/0

be relieved by action potential-induced depolarization so that
binding of glutamate can cause influx of Ca®" into the postsyn-
aptic neuron,; this is usually regarded as the initial step in synaptic
plasticity. A standard model of long-term plasticity postulates
that different cascades of signaling events are triggered by high-
and low-level postsynaptic Ca®" elevation; moderate levels of
Ca’" above the baseline induce LTD, whereas higher levels result
in LTP (Lisman, 1989). Although this model might be valid for
some forms of frequency-dependent homosynaptic plasticity, it
is questionable whether it could account for the more complex
rules of STDP, specifically the sequence-specific induction of
LTD and LTP by repeated AP—EPSP and EPSP— AP sequences,
respectively.

In a previous series of experiments (Normann et al., 2000), we
have shown that the induction of associative LTD by an asyn-
chronous pairing protocol could be blocked by the metabotropic
glutamate receptor (mGluR)-antagonist MCPG [(S)-a-methyl-
4-carboxyphenyl-glycine] and the N-type Ca*>* channel antagonist
w-conotoxin GVIa, but not by the NMDA receptor antagonist
D-AP5 (D(—)-2-amino-5-phosphopentanoic acid). Similar re-
sults were reported for mGluR-dependent LTD induced by either
low-frequency stimulation or application of mGluR agonists
(Bolshakov and Siegelbaum, 1994; Oliet et al., 1997; Huber et al.,
2000).

To account for non-NMDA-dependent forms of LTD,
Karamarkar and Buonomano (2002) have proposed a second coin-
cidence detector. Notably, the PKC-pathway fulfills the require-
ments of a system that is capable of processing presynaptic and
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postsynaptic information in the absence of NMDA receptor ac-
tivation. To modify synaptic transmission, the PKC-pathway un-
dergoes the following steps: (1) it is activated downstream of
metabotropic glutamate receptors, (2) it is regulated by postsyn-
aptic calcium, and (3) interacts with AMPA receptor trafficking.
Here, we examine the role of the PKC pathway in associative
long-term synaptic depression and provide evidence for a new
coincidence detector in STDP.

Materials and Methods

Animals and slice preparation. Juvenile Wistar rats (postnatal day 14-21)
were used for experiments. The animals were killed by decapitation, in
accordance with national and institutional guidelines. Transverse slices
were cut from the hippocampal region (300 wm) with a vibratome
(DTK-1000, Dosaka). The slices were incubated at 35°C for 20 min and
then stored at room temperature. For dissection, slicing, and storage, a
physiological saline solution was used containing the following (in mm):
125 NaCl, 25 glucose, 25 NaHCOs, 1.25 NaH,PO,, 2.5 KCl, 2 CaCl,, and
1 MgCl, (equilibrated with 95% O,/5% CO,).

Electrophysiology. After transfer to the recording chamber, the slices
were superfused at a flow rate of 5-10 ml/min (chamber volume, 1.5-2
ml) with saline solution containing 20 uM picrotoxin to isolate excitatory
neurotransmission. Pyramidal neurons in the CAl region of the hip-
pocampus were identified visually and by their characteristic firing fre-
quency adaptation in response to long depolarizing current pulses.
Infrared differential contrast video microscopy was used (Axioskop 2 FS
plus, Zeiss; IMAGO-VGA, Till Photonics). Patch pipettes were pulled
from borosilicate glass tubing (outer diameter, 2.0 mm; wall thickness,
0.5 mm; open patch pipette resistance, 3-5 M(); Hilgenberg). Patch pi-
pettes were filled with a filtered solution containing the following (in
mM): 135-145 K-gluconate, 20 KCl, 2 MgCl,, 2—4 sodium adenosine
triphosphate, 0.3 sodium guanosine 5'-triphosphate, 10 HEPES, and 0.1
EGTA (for LTP measurements) or 0.5 EGTA (for LTD and EPSP mea-
surements), equilibrated with KOH to pH 7.3. The interval between
braking into the whole-cell mode and the onset of the induction protocol
was standardized to ~15 min. All patch-clamp recordings were made
with an EPC-9 amplifier (HEKA). Signals were filtered at 5 and 10 kHz
and stored online. For data acquisition and analysis, Pulse and PulseFit
(HEKA), Igor Pro (Wavemetrics), and Mini Analysis software (Synap-
tosoft) were used.

The resting membrane potentials of most neurons were between —72
and —68 mV and the holding potential was —70 mV. Input and series
resistances were continuously monitored over the course of the experi-
ments by applying a 500 ms current pulse (thatled to a hyperpolarization
by ~5 mV) after every 10th EPSP. The series resistance values of all
experiments were between 10 and 37 M(). Experiments were discarded if
the series resistance changed by >30% over the course of the experiment,
if the difference in the membrane potential between the start and the
termination of the experiment exceeded 5 mV, or if the cells showed
evidence of ictal discharge. Experiments examining modulation of syn-
aptic plasticity were interleaved with control experiments, which were
merged in Figures 1C and 2C. All experiments were performed at 32°C.

Presynaptic Schaffer collateral fibers were stimulated with a stimulus
isolator (Stimulator 2100, A-M Systems). A pipette with a resistance of
1-3 MQ), filled with HEPES-buffered NaCl solution, was placed in the
stratum radiatum of the CA1 region, 20-50 uM away from the pyramidal
cell layer. To perform orthodromic stimulation, 200 us voltage pulses of
10-100 V (mostly ~30 V) were delivered at a frequency of 0.1 Hz. The
stimulation intensity was set to evoke an initial subthreshold EPSP am-
plitude of 3—6 mV. Induction protocols and wash-in of substances were
started after a stable EPSP baseline had been recorded for 10 min.

Western blot. Animals were killed by decapitation and both hip-
pocampi were dissected. Brain tissues were subjected to 1.3 X SDS-
containing sample buffer containing 100 um orthovanadate. Tissues
were homogenized by 20-fold sonication and centrifuged at 1400 X g.
Protein contents were measured using the bicinchoninic acid method
(BCA protein determination kit from Pierce). Samples were boiled after
the addition of bromophenol blue and dithiothreitol (final concentra-
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tion 10 mm) before electrophoresis. For Western blotting, 80 ug of pro-
tein from each sample was subjected to SDS-PAGE on a 7.5% gel under
reducing conditions. Proteins were transferred onto a polyvinylidene
fluoride membrane (Millipore) by semidry blotting. The membrane was
blocked overnight at 4°C using Rotiblock (Roth) before being incubated
with the primary antibody. To detect phosphorylated PKCa, the mem-
brane was incubated for 2 h with anti-phospho PKCa/B II (No. 9375,
1:2000, New England Biolabs) diluted in Tris-buffered saline containing
0.1% Tween 20 (Merck) and 2% bovine serum albumin (Sigma). After
washing (three times for 15 min each in saline containing 0.1% Tween
20), proteins were detected with peroxide-coupled donkey anti-rabbit
IgG (1:10,000, GE Healthcare) using chemiluminescence reagents (GE
Healthcare). Rabbit anti actin (1:5000, Sigma-Aldrich) was used to de-
termine equal loading and for quantification of the Western signals.
Western blot films were scanned densitometrically using ScanPack 2.0
Software from Biometra.

Data analysis and statistics. All values are given as mean = SEM; error
bars in the figures also represent SEM. Averaged EPSP amplitudes in
amplitude—time plots represent means from four to seven consecutive
EPSPs. To calculate the mean EPSP amplitude for quantification of syn-
aptic plasticity or the effect of wash-in of substances, the maximal ampli-
tude of the last 60 EPSPs immediately before the start of the induction
protocol or the wash-in and 20-30 min after termination of the inter-
vention were averaged. The significance of EPSP amplitude or slope
changes after induction or wash-in was assessed by a Wilcoxon signed
rank test. Initial EPSP slopes were estimated by analyzing the EPSP rise
from 20% to 40% of its maximal amplitude (where the increase of the
EPSP was approximately linear). For the analysis of the coefficient of
variation (CV) (SD/mean), the inverse square of the CV of the first 30
EPSP slopes after the induction protocol was divided by the inverse
square of the CV of the last 30 EPSP slopes before the onset of the
induction protocol and plotted against the normalized slope of the
EPSPs. Differences between separate series were analyzed by a Mann—
Whitney test at a significance level of 0.05. GraphPad Prism software was
used to average and plot EPSP amplitudes and for statistical analyses.

Stress protocol. For the stress experiments, rats were immobilized in a
Plexiglas tube (Harvard Apparatus) for 30 min. Electrical shocks were
applied with two ECG electrodes to the tail of the animals using a stim-
ulator (0.3 mA direct current for 1 s). Immediately after the end of the
stress protocols, the animals were killed and brain slices were prepared.
These experiments were reviewed and approved by the local animal
welfare committee.

Chemicals. All chemicals were obtained from Sigma-Aldrich or Tocris
Bioscience. Agonists and antagonists were applied by bath perfusion with
the exception of U 73122, heparin (heparin sodium from porcine intes-
tinal mucosa), PKC,,_34, SB415286, and VDM-11, which were added to
the intracellular solution in the recording electrode and injected into the
postsynaptic cell. PDZ-interacting peptides were custom synthesized by
Primm and their sequences were verified by high-pressure liquid chro-
matography and mass spectroscopy (pep2-EVKI: #°YNVYGIEEVKI 3,
pep2-SVKIL: #YNVYGIESVKI®*®, pep2-SVKE: *”>YNVYGIESVKE #%;
single letter amino acid code, peptide sequence indicated as NH,-
COOH). Pep2-SVKI is the sequence of the last 11 amino acids of wild-
type GluR2. For peptide experiments, peptides were dissolved in the
intracellular solution at a concentration of 100 uMm. These solutions also
contained the protease inhibitors bestatin, leupeptin, and pepstatin A at
concentrations of 100 uM each.

Results

Associative LTD depends on the phospholipase

C-PKC pathway

We induced associative long-term depression in hippocampal
slices by asynchronous pairing of an EPSP with a postsynaptic
action potential. An action potential was elicited in the postsyn-
aptic cell and followed 20—30 ms after its onset by an EPSP (Fig.
1A). This pairing was repeated 360 times at a frequency of 1 Hz.
After asynchronous pairing, EPSP amplitudes were significantly
reduced to 62.7 £ 4.1% of baseline (n = 21, p < 0.001) (Fig.
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no effect on LTD induction (41.7 =
12.1% of baseline EPSP amplitude, n = 6,
p < 0.05 vs baseline; p > 0.05 vs control
LTD) (Fig. 1E). However, when LY367385
and MPEP were applied simultaneously,
LTD was completely inhibited (106.6 =

c

O ey B e ™ 27.9% of baseline, n = 6,p > 0.5; p < 0.05
vs control LTD) (Fig. 1 F). This suggests
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Figure 1.

prevented LTD. /, PKC,4.5 specifically inhibited PKC activity and again blocked LTD induction.

1B, C). Additionally, we analyzed the initial EPSP slopes, which
are less likely to be contaminated by polysynaptic signals or re-
generative currents in postsynaptic neurons, and found results
that are comparable to the analysis of the maximal EPSP ampli-
tudes (decrease of the slope after LTD induction to 65.4 £ 9.5%
of its average baseline value, n = 21, p < 0.005; normalized slope
decrease vs normalized EPSP amplitude decrease, p > 0.5) (sup-
plemental Fig. 1 A, available at www.jneurosci.org as supplemen-
tal material).

In previous work, this spike time-dependent form of LTD
was shown to be dependent on the activation of mGluRs and
voltage-activated calcium channels, but not on NMDA recep-
tors. Associative LTD was blocked by the group I mGluR-
specific antagonist MCPG (Normann et al., 2000). Group I
mGluRs comprise mGluR1 and mGluR5, both of which are
thought to couple through Gq-type G-proteins (Valenti et al.,
2002). It is unknown which group I mGluR subtype mediates
associative LTD in the hippocampus. We therefore applied
subtype-specific mGluR-antagonists during LTD induction.
(+)-2-methyl-4-carboxyphenylglycine (LY367385) is highly se-
lective for mGIuR1 over mGluR5. When 100 um LY367385 was
present in the bath solution, the associative pairing stimulation
induced a synaptic depression to 68.8 * 3.8% of baseline, which
was not significantly different from the amount of LTD in control
solution (n = 6, p < 0.05 vs baseline, p > 0.05 vs control LTD)
(Fig. 1 D). 2-methyl-6-(phenylethynyl)-pyridine (MPEP) is a se-
lective, noncompetitive mGluR5-antagonist. MPEP (10 um) had

Associative LTD depends on the PLC/PKC pathway. A, Associative LTD was induced by asynchronous pairing of
presynaptic and postsynaptic activity. An action potential was induced by current injection into the postsynaptic neuron and
followed 20 ms later by an EPSP induced by Schaffer collateral stimulation. This asynchronous pairing stimulation (APS) pattern
was repeated 360 times at a frequency of 1Hz. Thisinduction paradigm resulted in a sustained reduction in peak EPSP amplitudes.
B, Sample recording. Amplitude—time plot of maximal EPSP amplitudes; EPSP sample traces before and after LTD induction.
€, Averaged amplitude—time plot from 21 individual experiments with asynchronous pairing stimulation resulting in an LTD of
62.7 = 4.1% of baseline EPSP amplitude. Subtype specificity of group | mGIuR activation. D, E, The mGIuR1 antagonist LY367385
(D) and the mGluR5 antagonist MPEP (E) had no effect on associative LTD. F, When both substances together were applied with the
bath solution, LTD induction was completely prevented. Inhibition of different limbs of the PLC/PKC pathway resulted in a complete
block of LTD. G, PLC was inhibited by addition of the specific PLC antagonist U73122 into the recording electrode. H, Heparin (4
mg/ml) inhibits the release of Ca* ions from intracellular stores. Injection of this substance into the postsynaptic neuron

time (min) patch pipette with the selective PLC inhibi-
tor U-73122 (20 uM), which completely
prevented the induction of LTD (106.9 *
29.3% of baseline EPSP amplitude, n = 5,
p>0.5) (Fig. 1G).

Heparin is an antagonist of IP; recep-
tors and blocks Ca** release from intra-
cellular stores. Heparin (4 mg/ml) was
applied by intracellular injection into the
CA1 neuron via the recording electrode.
Under these conditions, the associative
induction protocol resulted in a short-
term depression (75.8 * 6.2% of the base-
line amplitude 2 min after the end of the
induction protocol, # = 6, p < 0.05). LTD maintenance was
blocked (116.4 = 9.8% of baseline amplitude, n = 6, p > 0.1)
(Fig. 1H).

The peptide PKC,4_54 is a fragment of the inhibitory regula-
tory domain of protein kinase C (Arg-Phe-Ala-Arg-Lys-Gly-
Ala-Leu-Arg-Gln-Lys-Asn-Val-His-Glu-Val-Lys-Asn), and is
therefore a potent and specific inhibitor of PKC activity (House
and Kemp, 1987). Oliet and coworkers (1997) found that
NMDA-dependent forms of LTD could not be blocked by
PKC,q 35, Whereas mGluR-dependent, nonassociative forms
of hippocampal LTD induced by sustained low-frequency
stimulation of the Schaffer collaterals were shown to depend
on PKC activation. PKC,4 54 (10 um) was applied by postsynap-
tic intracellular injection. This resulted in a failure of the induc-
tion protocol to elicit LTD (98.0 = 6.7% of baseline amplitude,
n=7,p>0.5) (Fig. 1 I). Additionally, the EPSP slopes 20-30 min
after LTD induction were not significantly different from base-
line values (104.2 = 6.4% of baseline slopes, n = 7, p > 0.5)
(supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material). These findings suggest that activation of PLC,
IP,-mediated Ca*" release, and PKC activation are necessary for
the induction of stable mGluR-dependent LTD.

Associative LTP is independent from postsynaptic

PKC activation

To test whether the activation of PKC is necessary for spike time-
dependent plasticity in general or is specific for LTD, we exam-
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ined an associative form of LTP that was A
induced by theta-burst stimulation using
a total of 125 EPSP/AP pairings. Five EP-
SPs were paired with five postsynaptic ac-
tion potentials at a frequency of 100 Hz
(delay between onset of the EPSP and AP
onset, 5 ms). Five of these pairing sequences
were repeated at 5 Hz, and five of the result-
ing theta-burst blocks (one of which is de-
picted in Fig. 2A) were repeated at a
frequency of 0.1 Hz (Schmidt-Hieber et al.,
2004; Holderbach et al., 2007). This proto-
col caused a stable potentiation of the EPSP
amplitude to 233.6 £ 20.5% of the baseline
(n=12,p<0.01) (Fig. 2 B,C). Theta-burst
stimulation depends on NMDA receptor,
but not on mGluR, activation (Selig et al.,
1995). Intracellular application of PKC4 54
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had no effect on the magnitude of LTP in- 0
duced by theta-burst stimulation (202.1 = 50
22.14%, n =7, p < 0.01 vs baseline, p > 0.5
vs control) (Fig. 2D). This is in contrast to
other findings in the hippocampus in which
LTP was mainly induced by tetanic high-
frequency stimulation (Wang and Feng,
1992). However, using highly specific PKC
inhibitors, Bortolotto and Collingridge
could not confirm a role for PKC in LTP
(Bortolotto and Collingridge, 2000); this is consistent with the no-
tion that PKC might preferentially be involved in mGluR-dependent
synaptic plasticity, i.e., associative LTD.

Figure2.

Lithium inhibits LTD

Lithium was found to inhibit the activity of PKCe, both in
vitro and in vivo (Manji et al., 1993; Bitran et al., 1995). This
effect might be due to the modulation of molecules upstream
of the PKC signaling cascade, e.g., the reduction of Ca*" re-
lease from intracellular stores by inhibition of inositol-1-
phosphatase (Manji et al., 1996). Alternatively, lithium might
directly inhibit PKC activation. Lithium has been shown to
inhibit the translocation of PKC from the cytosol of the neu-
ron to its membrane; this occurs both acutely and after
chronic application (Wang et al., 2001).

We tested the modulation of basic membrane properties, syn-
aptic transmission, and synaptic plasticity by lithium. Lithium
carbonate (2 mMm) was acutely applied via bath perfusion to hip-
pocampal brain slices. In whole-cell current-clamp recordings,
lithium did not change the membrane potential or the input
resistance of CA1 pyramidal cells. Neither the amplitude nor the
half-width of single APs induced by brief current injection were
altered (mean AP amplitude in control, 119.7 * 2.7 mV vs
118.5 = 4.1 mV in lithium, n = 9, p > 0.5; half-width, 2.3 * 0.1
ms in control vs 2.1 = 0.2 msin lithium, n = 9, p > 0.1) (data not
shown). EPSPs were evoked by extracellular stimulation of the
Schaffer collateral pathways. Lithium did not change the ampli-
tude or the kinetics of baseline synaptic transmission when ap-
plied for 30 min (amplitude, 5.0 = 0.5 mV in control vs 5.1 = 0.8
mV with lithium, n = 9, p > 0.5; decay time constant, 23.96 *
3.03 msin control vs 24.02 = 3.5 ms with lithium, n =9, p > 0.5).
Although itis possible that a different result may be obtained with
higher concentrations of lithium (Higashitani et al., 1990), these
data indicate that lithium does not modulate ion channels, action
potential properties, or glutamate release under our conditions.

0
5 10 15 20 25 30 35 40 45 -5 0 5 10 15 20 25 30
time (min)

time (min)

Associative LTPisindependent of PKCactivation. 4, An associative form of LTP was induced by theta-burst stimulation
(TBS) using 125 EPSP —> AP pairings. Five of the depicted theta-burst blocks were repeated at a frequency of 0.1 Hz. B, Amplitude—
time plot of a sample recording with EPSP sample traces before and after LTP induction. €, Averaged amplitude—time plot from 12
individual experiments. Theta-burst stimulation resulted in a sustained potentiation of the EPSP amplitudes to 233.6 == 20.5% of
baseline amplitudes. D, Intracellular application of the specific PKCinhibitor PKC, 4 3 had nosignificant effect on the amount of LTP
elicited by theta-burst stimulation.

To test the effect of lithium on synaptic plasticity, LTD was
again induced by asynchronous pairing stimulation. Lithium
dose-dependently inhibited LTD induction (1 mm: 76.7 = 10.8%
of baseline amplitude, n = 8, p < 0.05 vs baseline, p < 0.05 vs
control LTD; 2 mm: 91.9 = 7.6% of baseline amplitude, n = 7,
p > 0.5vsbaseline, p <0.01 vs LTD in control solution) (Fig. 3A).
Again, the analysis of the initial EPSP slopes did not differ from
the time course of the maximal EPSP amplitudes (105.9 = 18.0%
of baseline slopes, n =7, p > 0.5) (supplemental Fig. 1C, available
at www.jneurosci.org as supplemental material). Next, LTP was
induced by theta-burst stimulation. Bath application of lithium
(2 mm) resulted in a small and nonsignificant decrease of the
resulting LTP (208.6 = 20.4% of baseline amplitude, n = 16; p <
0.01 vs baseline EPSP amplitude, p > 0.1 vs LTP in control solu-
tion) (Fig. 3B). These findings suggest that, similar to the specific
inhibitor PKC,, 54, the acute application of lithium inhibited
LTD via reduction of PKC activity. Again, LTP was not signifi-
cantly affected.

Beneath its effect on PKC activation, lithium inhibits the gly-
cogen synthase kinase-3 (GSK-3) (Klein and Melton, 1996).
GSK-3 is a constitutively active serine kinase that is involved in a
large number of signal transduction cascades and, more specifi-
cally, in the regulation of long-term synaptic plasticity (Peineau
etal., 2008). Overexpression of GSK-3 inhibited LTP (Hernandez
et al,, 2002), whereas LTP by itself inhibited GSK-3 and, consecu-
tively, NMDA-dependent LTD (Hooper et al., 2007; Peineau et al.,
2007). The role of GSK-3 in mGluR-dependent LTD has not yet
been examined. We applied the specific GSK-3 antagonist SB415286
(10 uMm) intracellularly via the patch pipette. Under these con-
ditions, there was still a significant LTD that was reduced
compared with the amount of synaptic depression in control
solution; however, this difference was not significant (74.9 *
23.9% of baseline EPSP amplitude, n = 6, p < 0.05; p > 0.05 vs
control LTD) (Fig. 3C).
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Figure 3.  Lithium inhibits LTD. In this set of experiments, we used lithium as an additional
pharmacological tool to inhibit PKC activity. A, In the presence of lithium, asynchronous pairing
stimulation (APS) failed to elicit LTD. Both 1and 2 mw lithium significantly reduced the amount
of LTD. B, Lithium (Li; 2 mm) had no significant effect on the magnitude of LTP evoked by
theta-burst stimulation. C, The GSK-3 inhibitor SB415286 (10 tum) was applied by intracellular
dialysis. The induction protocol still resulted in a significantly reduced LTD.

Presynaptic and postsynaptic effects of PKC activation by a
phorbol ester

So far we have shown that pharmacological reduction of PKC
activity inhibits LTD. We next tested whether the converse was
true: whether upregulation of PKC activity would facilitate LTD.
Phorbol esters are functional analogues of DAG and activate
PKC. At different synapses, bath application of phorbol esters has
caused a synaptic potentiation by a mechanism that is thought to
be presynaptic (Hori et al., 1999). Additionally, at the Schaffer
collateral/CA1 synapse, the transient application of phorbol es-
ters has been shown to prime LTD (Stanton, 1995).

We first assessed the presynaptic activity of the phorbol ester
phorbol-12,13-dibutyrate (PDBu). Wash-in of PDBu (5 uM) re-
sulted in a massive increase in the EPSP amplitude (742.8 =
187.7% of baseline amplitude, n = 4, p < 0.01) (Fig. 4A).
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Postsynaptically injected PKC,y_3, did not significantly inhibit
this increase, which further supports a presynaptic mechanism of
action (640.3 = 170.8% of baseline amplitude, n = 4, p < 0.05 vs
baseline; p > 0.5 vs PDBu wash-in) (Fig. 4 B). Bath application of
the selective membrane-permeable PKC antagonist G6 6983 (10
uM) had no effect on the baseline EPSP amplitude (—1.4 =
11.7%, n = 8, p > 0.5) (data not shown) but significantly reduced
the potentiation of EPSP amplitudes after wash-in of PDBu
(361.2 = 43.6% of baseline amplitude, n = 8, p < 0.01 vs baseline,
p < 0.01 vs PDBu wash-in) (Fig. 4 B). However, the increase in
synaptic transmission after PDBu was not completely blocked by
G0 6983.

When PDBu was applied in the presence of lithium, the
PDBu-induced presynaptic potentiation of synaptic responses
was attenuated to approximately the same amount as by the PKC
antagonist GO 6983 (263.2 = 55.7% of baseline amplitude, n = 4,
p < 0.05 vs baseline; p < 0.05 vs PDBu wash-in) (Fig. 4C). Lith-
ium has previously been shown to inhibit increases in neuro-
transmitter release upon activation of PKC by a phorbol ester.
This effect of lithium has been attributed to the prevention of
PKC translocation to the membrane (Wang and Friedman,
1989). Together, these findings support a partial role for PKC in
the presynaptic effects of phorbol esters. Although a large body of
literature has attributed the presynaptic effects of phorbol esters
to activation of PKC, a recent study postulated a role for munc13
(Rhee et al., 2002) and suggested that it is potentially responsible
for the proportion of phorbol ester-induced potentiation that is
not blocked by the PKC antagonist. This is consistent with recent
findings that described an interdependence of PKC- and
muncl3-dependent pathways in presynaptic plasticity (Wierda
et al., 2007).

A second, presumably postsynaptic effect of PDBu was an
increase in the magnitude of LTD. For these experiments, the
slices were preincubated with PDBu for at least 30 min before the
whole-cell configuration was established. This allowed the re-
cording of a stable EPSP baseline. A substantially lower stimula-
tion intensity was needed to obtain an EPSP amplitude in the
same range as those evoked in control experiments. Under these
conditions, the induction protocol caused a depression of the
EPSP amplitude to 35.8 = 7.2% of baseline, which was signifi-
cantly larger than the magnitude of LTD in control solution (n =
6, p < 0.01 vs baseline; p < 0.01 vs control LTD) (Fig. 4D).
Intracellular postsynaptic application of PKC,, 3, completely
blocked the PDBu-upregulated LTD (99.5 = 4.6% of baseline
amplitude, n = 7, p > 0.5) (Fig. 4 E); this suggested a postsynaptic
locus of action. Both the increased amount of LTD after PKC
activation by a phorbol ester and its inhibition by a specific PKC
inhibitor supports a permissive role of PKC in LTD (Stanton,
1995). Lithium again mimicked the effects of the PKC antagonist
PKC,q.3¢ and inhibited the PDBu-upregulated LTD (102.7 =
6.8% of baseline amplitude, n = 8, p > 0.5) (Fig. 4F). This
suggested that lithium antagonizes PKC activation at both the
presynaptic and postsynaptic sites.

Role of PDZ proteins in the LTD mechanism

Our results so far demonstrate that LTD is dependent on PKC
and that pharmacological activation of PKC facilitates LTD. How
does PKC exert its effects on LTD?

Near the resting membrane potentials, EPSPs are generated
largely by currents conducted via AMPA-type glutamate recep-
tors. AMPA receptors are highly mobile molecules that cycle rap-
idly into and out of the membrane of the postsynaptic density,
and the dynamic regulation of AMPA receptor trafficking is
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the catalytic subunit of PKC,. PICK1 can
also dimerize at a site distinct from the
PDZ domain, thus enabling dimeric PICK1
to link other proteins such as PKC to GluR2
(Perez et al., 2001).

We intracellularly applied synthetic
peptides to disrupt the interaction be-
tween the ct-PDZ binding motif of GluR2
and different PDZ domains. pep2-SVKI corresponds to the last
11 amino acids of the PDZ binding motif of GluR2, and it in-
cludes ser-880, which is believed to be important for PDZ bind-
ing. Intracellular application of pep2-SVKI was shown to block
the interaction of GluR2/3 with PICK1, GRIP, and ABP. pep2-
EVKI is an identical peptide, except that serine is exchanged with
glutamate to mimic phosphorylation at ser-880. Binding to this
mutated peptide was shown to be selective for PICK1, whereas
pep2-SVKE serves as an inactive control. Under our conditions,
both pep2-SVKI (93.9 = 15.9% of baseline EPSP amplitudes, n =
6, p > 0.05) (Fig. 5A) and the PICK1-selective peptide pep2-
EVKI (87.7 = 12.6% of baseline, n = 6, p > 0.05) (Fig. 5B)
prevented the induction of a significant LTD by the asynchro-
nous pairing protocol. pep2-SVKE had no effect on LTD induc-
tion (58.3 * 4.7% of baseline, n = 6, p < 0.05) (Fig. 5C). This
strongly supports a role for PICK1 in the mechanism underlying
associative LTD.

Postsynaptic mechanism of LTD expression

Our findings so far would suggest a postsynaptic mechanism for
LTD induction. To determine whether an additional presynaptic
mechanism is involved in LTD induction, we adopted three in-
dependent approaches. First, we analyzed the paired-pulse ratio,
i.e., the ratio between the amplitudes of two consecutive EPSPs
within a short time interval. A change in this ratio is commonly
explained as a modification of presynaptic transmitter release
probability (Bender et al., 2006). In a separate set of experiments,
LTD was induced by asynchronous pairing, resulting in a synap-
tic depression to 67.7 = 9.0% of the baseline EPSP amplitude
(n=29,p <0.01) (Fig. 6A). Every tenth EPSP was replaced by a
double pulse, in which two EPSPs were applied within a time
interval of 50 ms; this resulted in a paired-pulse facilitation that

caused a massive increase of the EPSP amplitude. B, Injection of PKC, 4.5, into the postsynaptic cell had no effect on the amount of
EPSP potentiation after PDBu wash-in (@), whereas bath application of the selective PKC-antagonist Go 6983 partially inhibited
the increase in synaptic transmission after PDBu wash-in (O). €, In the presence of lithium, the amount of synaptic potentiation
after PDBu wash-in was reduced. D, Slices were preincubated for at least 30 min with PDBu to obtain a stable baseline. Asynchro-
nous pairing stimulation (APS) induced a larger LTD compared with control conditions. E, Intracellular application of PKC, 34
inhibited the induction of LTD even after preincubation with PDBu. F, Lithium inhibited the induction of LTD by asynchronous
pairing stimulation even in the presence of PDBu.

was stable over the course of the experiment. We compared the
paired-pulse ratio before and after induction of LTD and found
no significant change (pre LTD, 2.52 * 0.24; post LTD, 2.83 =
0.31, n = 9 cells, p > 0.05) (Fig. 6A).

Second, we performed a CV analysis of the initial EPSP slopes
from the experiments in Figure 1C. The averaged CVpoi/ CVprf
was 0.96 = 0.02 (n = 21), which is consistent with a postsynaptic-
induction mechanism as there is no indication for a change in the
presynaptic release probability.

Third, we tested for the involvement of endocannabinoids as
retrograde messengers in long-term synaptic depression. The ex-
pression of certain forms of spike time-dependent neocortical
LTD requires the activity-dependent postsynaptic release of an
endocannabinoid, which diffuses retrogradely and binds to pre-
synaptic CB1 cannabinoid receptors. The coincidence of CB1 and
presynaptic NMDA receptor activation produces a long-term de-
pression of transmitter release (Bender et al., 2006; Nevian and
Sakmann, 2006). Although the onset of synaptic depression was
slowed after bath application of the CB1 receptor antagonist AM
251 (2 u™m), it did not impair the expression of LTD under our
conditions (73.1 * 9.8% of baseline, n = 7, p < 0.05) (Fig. 6 B).
Inclusion of the anandamide membrane transport blocker
VDM-11 (20 um) in the recording pipette to block postsynaptic
synthesis of the endocannabinoid 2-arachidonylglycerol (Bender
etal., 2006) had no effect on LTD (68.8 * 11.9% of baseline, n =
6, p < 0.05) (Fig. 6C). Our findings are therefore consistent with
a postsynaptic mechanism of spike time-dependent LTD induc-
tion and expression in the hippocampus.

Lithium antagonizes the effects of stress on activated PKC
levels and synaptic plasticity

Finally, we examined the involvement of PKC in behavior-
dependent modulation of synaptic plasticity. Over the last few
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Figure 5.  Role of PDZ proteins in the LTD induction mechanism. Synthetic peptides that
disrupt the interaction between the PDZ binding motif on the GIuR2 subunit of the AMPA
receptorand the PDZ domain on regulating peptides were applied by intracellular injection into
the CA1 pyramidal neuron. 4, Pep2-SVKI blocked the interaction of PICK1, GRIP, and ABP with
the PDZ binding motif and inhibited associative LTD. B, Pep2-EVKI is selective for PICK1; its
intracellular application was sufficient to inhibit LTD. C, Pep2-SVKI is an inactive control and had
no effect on LTD induction by asynchronous pairing stimulation (APS).

years, several groups have found a robust modulation of long-
term synaptic plasticity by stress. Exposure of rodents to behav-
ioral stress facilitated the induction of LTD and inhibited LTP.
This effect was glucocorticoid receptor-dependent (Xu et al.,
1998). Moreover, it has been reported that stress upregulates
PKC activity (Yangetal., 2004). After demonstrating that lithium
inhibits LTD and the effects of the PKC-activating phorbol ester
PdBU, we next tested whether lithium, which can be applied in
the living animal, would have an effect on the stress-modulation
of synaptic plasticity.

To assess the effects of acute stress, we used a combined tail
shock/restraint paradigm. Juvenile rats were immobilized in a
plastic tube for 30 min, during which 30 electric tail shocks were
applied at variable time intervals. This protocol has previously
resulted in the production of robust stress responses in different
settings (Shors and Thompson, 1992; Yang et al., 2004). All con-
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trol animals in this set of experiments were injected with saline
1 h before decapitation.

We first measured the levels of activated PKC in the hip-
pocampus via a Western blot, using an antibody to phospho-
PKCa/p II. Anti-B-actin was used to control for equal loading
and for quantification. The levels of phosphorylated PKC were
not significantly affected by pretreatment of the rats with lithium
(4 mEquiv/kg body weight i.p. 1 h before decapitation); however,
pPKC activity was significantly increased after the stress protocol.
When lithium was applied systemically 1 h before initiation of the
stress protocol, pPKC activity was not significantly different from
control values (luminescence ratios pPKC/B-actin: control,
0.95 £ 0.06; lithium, 0.84 £ 0.09; stress, 1.37 £ 0.04; lithium +
stress, 0.78 = 0.04; n = 10 each; Kruskal-Wallis test: p < 0.0001;
Dunn’s multiple comparison test: stress vs all other groups,
<C0.05; all other comparisons, not significant) (Fig. 7A).

Exposure to stress resulted in a facilitation of LTD. Synaptic
transmission was reduced to 39.5 & 6.3% of baseline, which was
significantly different from the findings obtained from non-
stressed control rats (n = 8, p < 0.01, p < 0.05 vs control LTD)
(Fig. 7B). When lithium was applied by intraperitoneal injec-
tion 1 h before initiation of the stress protocol, the facilitation
of LTD was prevented, and asynchronous pairing resulted in a
nonsignificant depression (87.6 = 9.3% of baseline,n =9, p >
0.05) (Fig. 7C).

Acute stress also impaired the induction of LTP. The theta-
burst stimulation did not cause a significant change in EPSP am-
plitudes (98.7 = 20.5% of baseline EPSP amplitude between 30
and 40 min, n = 6, p > 0.5, p < 0.05 vs control LTP) (Fig. 7D). In
vivo application of lithium abolished the stress-induced inhibi-
tion of LTP, and the theta-burst stimulation resulted in a poten-
tiation that was not significantly different from the degree of
potentiation observed in nonstressed animals (167.5 = 36.7% of
baseline, n =9, p < 0.05, p > 0.5 vs control LTP) (Fig. 7E). These
results demonstrate that acute stress upregulates the activity of
phosphorylated PKC, facilitates LTD, and impairs LTP induc-
tion. Lithium prevents the increase of pPKC levels and the mod-
ification of synaptic plasticity by stress.

Discussion

Given the importance of mGluR activation for associative forms
of hippocampal LTD, our study focused on the PLC signal trans-
duction pathway that is activated downstream of mGluR. We
found several lines of evidence that indicated that activation of
the PLC pathway is necessary for associative LTD. We propose
that associative hippocampal LTD is postsynaptically induced
and expressed by a PICK1-mediated internalization of AMPA
receptors.

Associative LTD is group I mGIuR dependent (Normann et
al., 2000); however, a subtype specificity has not yet been tested.
mGluRS5 is expressed in high levels in CA1 pyramidal cells (Fo-
tuhi et al., 1994; Romano et al., 1995; Lujan et al., 1996; Kerner et
al., 1997). The findings for mGluR1 have been more discrepant;
however, in situ hybridization studies have revealed the expres-
sion of mGluR1b and 1d mRNA in principal cells of the hip-
pocampus, including CA1 pyramidal neurons (Shigemoto et al.,
1992; Berthele et al., 1998). Moreover, mGluR1b has been de-
tected in human and rodent hippocampal CA1 neurons by im-
munohistochemistry (Bliimcke et al., 1996; Ferraguti et al., 1998).
Despite their common coupling mechanism via Gq G-proteins, dif-
ferential effects of mGluR1 and mGIuR5 activation have been de-
scribed for CA1 pyramidal cells and synaptic transmission at the
Schaffer collateral pathway (Mannaioni et al., 2001). The group I
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cific role for PKC in NMDA-independent 0
forms of LTD. As an increase of intracel-
lular Ca®" is necessary for PKC activa-
tion, sources of Ca" different from the
NMDA receptor are needed. As LTD
could be inhibited by blocking IP; recep-
tors with intracellularly applied heparin,
the data indicate that IP;-dependent Ca*™
stores are involved in LTD induction in a
similar manner as that described by others
(Bender et al., 2006). However, in previ-
ous work using an identical induction
paradigm for LTD, we found that this
form of LTD requires the opening of high-
voltage activated L- and N-type Ca**
channels (Normann et al., 2000). The different Ca*" sources
might generate cytosolic and submembrane Ca** signals with
distinct spatiotemporal profiles. Thus, a Ca**-dependent PKC is
a prime candidate for the coincidence detector in spike-time-
dependent long-term depression (Karmarkar and Buonomano,
2002). For its activation, a temporal coincidence of postsynaptic
spiking (opening of voltage-dependent Ca*" channels by the
backpropagating action potential) followed within a short time
interval by presynaptic activity (glutamate release activating
mGluRs and the PLC pathway) is required.

We further examined how the activation of PKC translates
into a sustained downregulation of synaptic transmission and
found a prominent role for the PDZ domain-containing pro-
tein PICK1. PICK1 is necessary for several forms of synaptic
depression (Isaac et al., 2007; Jo et al., 2008). The role of
PICK1 in hippocampal LTD is controversial. Two studies that
used intracellular infusion of peptides to block PICK1 PDZ
domain interactions (similar to the technique used in this study)
in NMDA-dependent forms of hippocampal LTD yielded con-
flicting results. Daw et al. (2000) could not confirm a role for
PICK1 in hippocampal LTD, whereas Kim et al. (2001) found a
partial block of LTD. Recently, it has been demonstrated that
both LTP and LTD are absent in hippocampal CA1 neurons that
lack PICK1 and also during blockade of PICK1-PDZ interactions
(Terashima et al., 2008).

Masukawa and coworkers (2006) have shown that activation
of PKCa causes the translocation of PICK1 to the plasma mem-
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Postsynaptic mechanism of LTD expression. 4, In a separate set of experiments, every tenth EPSP was replaced by a
double pulse with an interpulse interval of 50 ms. Asynchronous pairing stimulation (APS) induced a long-term depression of EPSP
amplitudes. We observed a paired-pulse facilitation (positive EPSP,/EPSP, ratio) that remained stable over the course of the
experiment; this supported a postsynaptic mechanism of LTD expression. B, CV ~%was plotted against the mean of the initial EPSP
slopes after LTD induction, both normalized to the corresponding control values before LTD induction. The black squares represent
the 21 single experiments from Figure 1¢, the gray open circles depict the average normalized CV 2. The CV analysis is consistent
with a postsynaptic induction mechanism; a presynaptic mechanism would reveal values along the diagonal line. €, Bath applica-
tion of the selective (B1 receptor antagonist slowed the onset of depression but had no effect on final LTD expression. D, Intracel-
lular injection of the anandamide membrane transport blocker VDM-11, which blocks the postsynaptic synthesis of the
endocannabinoid 2-arachidonylglycerol, did not impair LTD. This makes the involvement of endocannabinoids as retrograde
messengers in LTD expression unlikely.

brane. The subtype-specific interaction of PKCa with PICK1 was
caused by the binding of the PDZ domain of PICKI1 to the PDZ-
binding site at the COOH terminus of PKCa. The translocation
of PICK1 to the membrane required the activation of PKCe,
which might phosphorylate PICK1 at the T-82, as well as postsyn-
aptic glutamate receptors.

The exact mechanism by which PICK1 promotes the internal-
ization of AMPA receptors remains to be fully elucidated. It has
been proposed that PKCa phosphorylates ser-880 of GluR2,
which is located within the ct-PDZ binding motif (Perez et al.,
2001). Furthermore, PICK1 might preferentially bind to the
phosphorylated PDZ-binding motif, whereas the interaction
with GRIP and ABP might be disrupted (Kim et al., 2001; Perez et
al., 2001). PICK1 binding subsequently destabilizes the mem-
brane anchoring of GluR2-containing AMPA receptors and pro-
motes the removal and endocytosis of postsynaptic GluRs
(Seidenman et al., 2003).

The interaction between PICK1 and GluR2 is regulated by a
calcium-binding domain at the N terminus of PICK1. A rise of
free intracellular Ca>* from baseline levels to 15 M greatly in-
creases the affinity of PICK1 for GluR2, whereas further increases
in Ca®" decrease the affinity of this interaction (Hanley and
Henley, 2005).

Given these findings, we propose a model for associative LTD
in the hippocampus in which activation of metabotropic gluta-
mate receptors and Ca*™ influx through voltage-activated Ca*™
channels are the initial triggers that ultimately result in AMPA
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Lithium antagonizes the effects of stress on pPKC activity and synaptic plasticity. 4, The levels of phosphorylated PKCa/ B 11
and -actinin the hippocampus were determined by Western blot. Representative scans show results from both hippocampi of one animal
in each group. Luminescence ratios (pPKCcx/ B-actin) were calculated for each hippocampus and averaged within a group containing five
animals each. Significance was assessed using a Kruskal—Wallis test. Behavioral stress, induced by a combined tail shock/restrained para-
digm for 1h, upregulated pPKC activity; this upregulation was prevented by pretreatment with lithium. B, Stress was used as a nonphar-
macological tool with which to modulate synaptic plasticity. The stress protocol significantly increased the amount of LTD induction by
asynchronous pairing stimulation (APS). €, Intraperitoneal injection of lithium in advance of the stress protocol prevented the induction of
LTD. D, Acute stress caused a reduction in the magnitude of LTP induced by theta-burst stimulation (TBS). E, After intraperitoneal applica-

tion of lithium before the stress protocol, LTP was restored. Li, Lithium; con, control.

stress

HVA ‘

o O o

o

A model for associative LTD in the hippocampus. PKC and PICKT are the coincidence detectors for the activation of
* influx through voltage-dependent Ca**
ization of AMPA receptors (AMPAR), which reduces the synaptic transmission of the glutamatergic synapse. Stress increases (a "

Figure 8.
metabotropic glutamate receptors and the Ca*

currents and thereby facilitates LTD.

receptor internalization and depression of synaptic transmission
(Fig. 8). mGluR receptor activation is positively coupled to phos-
pholipase C, which in turn causes the release of Ca**
cellular stores by IP; and the activation of PKC via DAG.

0o 0%0 o

mGIuR AMPAR

oO

°®
\ oG

A

from intra-

channels. PICKT mediates the internal-

J. Neurosci., May 5, 2010 - 30(18):6225— 6235 * 6233

Activated PKC is responsible for the
transfer of PICK1 to the cell membrane
and the phosphorylation of ser-880 within
the ct-PDZ binding motif of GluR2. PICK1
binds to GluR2 and mediates the internal-
ization of functional AMPA receptors and
the stabilization of the extrasynaptic AMPA
receptor pool.

This process is regulated by free Ca** at
the level of PKC and PICK1, both of which
are Ca®" dependent. The sources of the
relatively low Ca*" increase in LTD are
high-voltage-activated Ca®" channels and
intracellular IP;-dependent Ca’* stores.
Action potentials open voltage-activated
Ca”” channels. Hence, in a situation where
an AP precedes the EPSP, Ca** will be
present at the time that the mGluR-
dependent pathway is activated. The inter-
val sensitivity of this response is derived
from the Ca** decay rate. In nonassociative
forms of LTD (such as NMDA-dependent
low-frequency stimulation of the Schaffer
collaterals), sustained low-level activation of
NMDA receptors might be an alternative

* influx pathway. In this model, PKC
and PICK1 act cooperatively as coincidence
detectors for the coordinated presynaptic
and postsynaptic activity that is necessary
for LTD induction.

Our model is consistent with a purely
postsynaptic model of the induction and
expression of associative LTD in the hip-
pocampus. Analysis of the paired pulse ra-
tio after LTD and a CV analysis of the
EPSP slopes immediately before and after
the LTD induction protocol supported
this notion. This might be different in the
neocortex where the involvement of retro-
grade-endocannabinoid signaling in the
mechanism of a mGluR-dependent form of
LTD has been described (Bender et al.,
2006).

As the induction of LTD and LTP
depend on different signal-transduction
pathways, we tested whether different
forms of plasticity might be differentially
modulated by the behavioral context of
the animal. We found that acute stress fa-
cilitated LTD and inhibited LTP; this con-
firmed earlier results in which this effect
was glucocorticoid receptor-dependent
and could be modulated by serotonergic
and antidepressive agents (Shors et al.,
1989; Xu et al., 1998; Yang et al., 2004). In
a previous study, we showed that the in-
duction of LTD was facilitated after
chronic mild stress (an animal model of
depression). In contrast, theta-burst-

induced LTP was unaffected by the chronic mild stress paradigm
(Holderbach et al., 2007). This shows that although both LTD
and LTP can be affected by stress, not only does LTD appear to be
more sensitive, but the underlying mechanisms might be different.
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Results from several brain regions suggest an upregulation of
PKC activity by behavioral stress. In the hippocampus, Yang and
coworkers (2004) reported an increase in PKC activity in stressed
rats and also demonstrated that the stress-induced facilitation of
LTD and suppression of LTP could be prevented by intrahip-
pocampal administration of a specific PKC inhibitor. In the pre-
frontal cortex, stress increased PKC activity and impaired
cognitive function (Birnbaum et al., 2004). A probable mecha-
nism for the increased activity of PKC after stress is that the
increase in Ca*" influx through high-voltage activated Ca**
channels results in the activation of Ca*"-sensitive isoforms of
PKC. Corticosteroids have been repeatedly shown to increase
voltage-dependent Ca" conductances by a mechanism that re-
quires DNA binding of glucocorticoid receptor homodimers and
modulation of Ca®™ channel subunit expression (Chameau et al.,
2007). Alternatively, the stress-induced upregulation of PKC ac-
tivity might originate from the activation of the BDNF/ERK1/2-
cascade (Yang et al., 2004).

Using Western blot, we found increased levels of phosphory-
lated PKC after exposure to stress, which could be normalized by
lithium pretreatment. In the absence of specific PKC activation,
lithium had no significant effect on pPKC levels. Consistent with
these findings, stress facilitated LTD induction, whereas lithium
pretreatment completely blocked LTD induction after stress.
This most probably occurred by inhibition of both the stress-
induced and the mGluR-induced activation of PKC. It is inter-
esting to note that lithium had no effect on the induction of LTP
under control conditions but prevented the downregulation of
LTP after stress. This suggests that under stress conditions, LTD-
like mechanisms, i.e., the activation of PKC and the internaliza-
tion of AMPA receptors, might counteract the mechanisms of
LTP expression.

The role of GSK-3 in the inhibition of LTD by lithium is
ambiguous. During inhibition of GSK-3, the amount of LTD was
reduced compared with control conditions; however, this differ-
ence did not reach statistical significance. A decisive influence of
GSK-3 on associative LTD under our conditions is improbable
for several reasons. Very high concentrations of lithium (20 mm)
have been necessary to block NMDA-dependent LTD (Peineau et
al.,, 2007), and we did not observe any increased LTP in the presence
of lithium, which should have been expected if the low concentra-
tions of lithium used in our experiments would significantly in-
hibit GSK-3. Moreover, phosphorylation of GSK-3 by PKCa has
been shown to result in its specific inactivation, which might
support a primary role for the PKC pathway (Goode et al., 1992;
Fang et al., 2000).

Lithium is one of the few medications in clinical use that mod-
ulates PKC activity. It is used broadly in psychiatry for both acute
and chronic treatment of affective disorders. At the molecular
level, lithium alters both structural and functional plastic changes
induced by stress in the hippocampus. Chronic lithium has been
shown to prevent morphological remodeling of apical dendrites
of CA3 pyramidal cells induced by stress and to enhance hip-
pocampal neurogenesis (Chen et al., 2000; Wood et al., 2004). On
the other hand, lithium might reverse the neurobiological effects
of stress on functional synaptic plasticity, as shown in our exper-
iments. Disturbed structural and functional brain plasticity has
been implicated in the pathophysiology of affective disorders
(Castrén, 2005; Normann et al., 2007). Lithium might protect
limbic circuitry from the effects of excessive stress; we hypothe-
size that this might contribute to the mood-stabilizing effects of
lithium.
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