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ABSTRACT

Glutamate is a major neurotransmitter in the brain that activates ionotropic
and metabotropic glutamate receptors (iGluRs and mGluRs, respectively).
The two types of glutamate receptors interact with each other, as exemplified
by the modulation of iGluRs by mGIluRs. However, the other way of
interaction (i.e, modulation of mGIluRs by iGIluRs) has not received much
attention. In this study, I found that group I mGluR-specific agonist, (RS)-
3,5-dihydroxyphenylglycine (DHPG), alone is not sufficient to activate
phospholipase C (PLC) in rat hippocampus, while glutamate that activates
both iGluRs and mGluRs robustly activates PLC. These results suggested
that additional mechanisms provided by iGluRs are involved in group I
mGluR-mediated PLC activation. I found that AMPA receptors initiate Ca**
influx through L-type Ca*" channels that is specifically required for mGluR-
mediated PLC activation. Furthermore, this mechanism is crucial for
mGIuR-LTD in the hippocampus induced by paired-pulse low frequency
synaptic stimulation (PP-LFS). Although PP-LFS induced synaptic
depression, it paradoxical increased input-output relationship. I provided

evidence that after PP-LFS, robust expression of LTD at inhibitory synapses



(i-LTD) is induced via mGluR-dependent endocannabinoid (eCB) signaling
pathway, which leads to reduction of tonic GABA currents that accompanied
with significant hyperpolarization of AP threshold (Vy,) that results in EPSP
to spike (E-S) potentiation and increased AP output. By contrast, DHPG
induced LTD at excitatory synapses, but hardly induced i-LTD. These results
indicated that disinhibition of GABAergic input via mGluR-dependent eCB
signaling is responsible for the increase in input-output relationship in spite
of synaptic depression during LTD and it is specific to conditioning protocol,

PP-LFS.

Keywords: CA1 pyramidal neuron, mGIuR5, PLC, Ca*, electrophysiology,

mGIuR-LTD, eCB, tonic inhibition, input-output relationship
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INTRODUCTION

1. Group I mGluRs and signaling mechanisms

The metabotropic glutamate receptors (mGluRs) are members of the G
protein-coupled receptors that participate in the modulation of synaptic
transmission and neuronal excitability throughout the central nervous system
(CNS). The existence of mGluRs provides a mechanism by which glutamate,
that serves as the neurotransmitter at the majority of excitatory synapses in
the CNS, can modulate cell excitability and synaptic transmission via second
messenger signaling pathways. Another impotant glutamate receptor
activated by glutamate is ionotropic glutamate receptors (iGluRs) that are
ligand-gated ion channels which mediate fast excitatory postsynaptic
currents. Regulation of iGluRs by mGluRs is previously suggested to be
important for integrative brain function (Doherty et al., 1997; Mannaioni et
al., 2001). Surface expression of AMPA receptors are reduced by group |
mGluR signaling to induce long-term depression (LTD) of synaptic currents

(Luscher and Huber, 2010), while NMDA currents are potentiated by group I

1



mGIuR agonists (Doherty et al., 1997). Importantly, impaired function of
NMDA receptors in pathologic conditions could be reversed by the up-
regulation of group I mGluRs (Won et al., 2012), suggesting a possibility
that this interaction can be applied to develop new therapeutic strategies.
Likewise, the regulation of mGluRs signaling by iGluRs may also have
certain physiological significance, but this possibility has received relatively
little attention.

While group I mGluRs (mGIluR 1 and mGIuRS) link glutamatergic
neurotransmission to a wide variety of signaling pathways and involve
multiple partners (Conn and Pin, 1997), the Gq protein/phospholipase C
(PLC)/inositol-3,4,5-triphosphate (IP;) signal cascades have been considered
as the canonical pathway (Abe et al., 1992; Aramori and Nakanishi, 1992).
However, the involvement of PLC in group I mGluR effects is not consistent
between independent studies. The stimulation of schaffer collateral (SC)-
CA1 neuron synapse activates group I mGluRs to mobilize intracellular Ca**

by PLC and IP; signal pathways (El-Hassar et al., 2011; Nakamura et al.,



1999; Nakamura et al., 2000), but Ca>" release by the group I mGIuR agonist,
(RS)-3,5-dihydroxyphenylglycine (DHPG), were shown to be PLC-
independent (Sohn et al., 2011). In addition, mGluR-dependent LTD induced
by DHPG occurs independently of PLC/IPs-dependent Ca”" release or
protein kinase C (PKC) activity at the SC-CA1 neuron synapse (Fitzjohn et
al., 2001; Mockett et al., 2011; Schnabel et al., 1999), whereas mGluR-
dependent LTD at the same synapse induced by synaptic stimulation is
dependent on intracellular Ca®" rise and PKC activation (Bolshakov and
Siegelbaum, 1994; Oliet et al., 1997; Otani and Connor, 1998). These results
suggest that, unlike glutamate, application of DHPG is not sufficient for PLC
activation. In agreement, when endoplasmic reticulum (ER)-containing
spines of CA1 neurons were stimulated at a low-frequency using glutamate
uncaging, this induced group I mGluR-dependent LTD specific to the
stimulated synapse and this LTD was dependent on Ca** release (Holbro et

al., 2009).



2. mGluR-dependent LTD and neuronal output

The Long-term potentiation (LTP) and long-term depression (LTD) of
synaptic transmission are considered memory-encoding mechanisms. LTP
consists of two independent components: synaptic efficacy potentiation and
excitatory postsynaptic potential (EPSP) to spike (E-S) potentiation, which is
the increasing ability of an EPSP to generate a spike (Bear and Malenka,
1994; Bliss and Collingridge, 1993). The involvement of GABAergic
mechanisms in E-S potentiation was recognized previously (Abraham et al.,
1987; Chavez-Noriega et al., 1989; Chavez-Noriega et al., 1990), suggesting
that activity-dependent suppression of inhibitory synapses, referred to as
disinhibition, causes increased excitability and significantly influences the
neuronal output. Indeed, the calcineurin-mediated inhibition of postsynaptic
GABA, receptors (Lu et al., 2000) and the endocannabinoids (eCBs)-
mediated inhibition of presynaptic GABA release (Chevaleyre and Castillo,
2003; Azad et al., 2004; Jiang et al., 2010) were shown to be involved in the

inhibition of GABAergic synapses (i-LTD) to mediate increased excitability



associated with LTP in CA1 pyramidal neurons. However, the possibility
that i-LTD is associated with LTD of excitatory synapses (e-LTD), especially
mGluR-dependent e-LTD, has not been reported yet. It remains to be
elucidated whether mGluR-dependent e-LTD is associated with E-S
potentiation and, if it is, how the neuronal output is altered. Possibly,
associated E-S coupling changes may be distinct in the two mGluR-

dependent e-LTD types that recruit different signaling pathways.

3. Aim of this study

In this study, I have investigated in rat hippocampal neurons whether iGluRs
play a significant role in mGluR-mediated PLC activation. Considering that
PLC activity per se is dependent on intracellular Ca®" concentrations (Ryu et
al., 1987), the activation of iGluRs may contribute to group I mGluR-
mediated PLC activation possibly by inducing Ca*" influx directly or
indirectly. The results of this study have shown that AMPA receptors initiate
Ca” influx through L-type Ca*" channels that is specifically required for
mGluR-mediated PLC activation. Furthermore, I found evidence that this

mechanism is crucial for mGluR-dependent e-LTD in the hippocampus
5



induced by paired-pulse low frequency synaptic stimulation (PP-LFS). I

have also investigated whether PP-LFS-induced mGIluR-dependent e-LTD is

associated with E-S potentiation, and have effects on neuronal outcomes.

The results of this study have shown that PP-LFS at SC pathway induced

mGluR-dependent e-LTD, while the input—output (I-O) relationship

paradoxically shifted leftward. I have provided evidence that PP-LFS

activates an mGluR-dependent eCB signaling pathway, which leads to i-LTD,

resulting in increased excitability and action potential (AP) output. By

contrast, DHPG induces e-LTD without significant i-LTD, leading to no

significant change in the I-O relationship. These results demonstrate that in

hippocampal CAl neurons the PP-LFS at SC pathway induces mGIluR-

dependent LTD at both excitatory and inhibitory synapses via signaling

pathway involving postsynaptic located PLC, the outcome of which is in

favor of excitation, resulting in a leftward shift in the I-O relationship.



MATERIALS AND METHODS

1. DNA constructs

The PLCS-pleckstrin homology domain (PHS) cloned into pEGFP-N1 was

obtained from Dr. P. Suh (Ulsan National Institute of Science and

Technology, Korea). The Ca,1.2 (mouse) cloned into vector pcDNA6/V5-

His was purchased from addgene (Plasmid 26572). The vector pcDNA6/V5-

His containing Ca, 1.3 (rat) sequence that contains exon 42a was obtained

from Dr. D. Lipscombe (Brown University, Providence, RI, USA). Ca,1.2-

targeting short-hairpin RNA (shRNA) sequence (5°-

GCCGAAATTACTTCAATATTTCAAG

AGAATATTGAAGTAATTTCGGC-3’) was designed using the software

tool available at the Whitehead Institute for Biomedical Research website

(Yuan et al., 2004). The Ca,1.3-targeting shRNA sequence (5’-

GGAAACCATTTGACATATTTATTCAAGAGATAAATATGTCAAATGGT

TTCC-3") was purchased from Open biosystems (UK). The synthesized

Ca,1.2 and Ca,1.3 targeting shRNA oligonucleotides (CosmoGenetech,
7



Korea) were ligated into the lentiviral vector pLentiLox3.7 (pLL3.7)
(Rubinson et al., 2003), which co-expressed monomeric RFP (mRFP). The
pLL3.7 containing luciferase-targeting sShRNA sequence (5°-
TAAGGCTATGAAGAGATAC-3’) was used as non-targeting control (NT

control) (Dharmacon, Lafayette, CO, USA).

2. Cell culture and transfection

Neuron-glia co-culture protocol for low density hippocampal primary culture
was previously described (Kaech and Banker, 2006; Lee et al., 2012). Briefly,
hippocampi were dissected from embryonic day 18 Sprague Dawley (SD)
rats of either sex. Hippocampal neurons were dissociated by papain

treatment and trituration, and were plated at a density of 1.1x10* cells/cm’

on poly-D-lysine (Sigma-Aldrich) coated coverslips (Marienfeld) in serum-
based cell culture media. The next day, coverslips were transferred onto glial
cell feeder layers cultured for 14 days in vitro (DIV14) in B-27 (Invitrogen)-

supplemented Neurobasal A (Invitrogen) media. 5 pM 1-B-p-cytosine-



arabinofuranoside (AraC, Sigma-Aldrich) was added to the DIV4 co-
cultured neurons to prevent proliferation of glial cells. For western blotting
experiments, hippocampal neurons were plated at a density of 4.4 x10*
cells/cm” on a poly-D-lysine coated culture dish. Primary cultured neurons
(DIV4-7) were transfected using a calcium phosphate method (Ryan et al.,
2005). The culture media were removed and saved before transfection.
Neurons were incubated with fresh Neurobasal A media (2 ml per 60 mm
culture dish) containing 25 mM HEPES (pH 7.35). During this time, the
DNA/calcium phosphate precipitate was prepared by mixing one volume of
PHJ-GFP DNA construct (1 pg) alone or with NT control, shCa,1.2 or
shCa,1.3 DNA (5 pg for confocal imaging and Ca®" measurement, 10 pg for
western blotting) in 250 mM CaCl, with an equal volume of 2 x HBS (280
mM NaCl, 50 mM HEPES, 1.5 mM Na,HPO,, pH 7.1) using a vortex mixer.
The precipitate was allowed to form for 2 min at room temperature (RT)
before being added to the culture. 200 pl DNA/calcium phosphate

suspensions were added drop-wise to cultured hippocampal neurons. A layer



of precipitate became obvious after a 15 min incubation period, when cells
were quick-washed once and washed twice for 5 min interval with fresh
Neurobasal A media and returned to the saved culture media.

HEK293 cells were plated at a density of 5 x 10 * cells per 100 mm
culture dish and maintained in DMEM (Invitrogen) supplemented with 10 %
FBS and 1 % PS. HEK293 cells were sub-cultured before reaching ~80%
confluence. HEK293 cells at ~30 % confluence were transfected as follows:
1) 5 ng Ca,1.2 or 5 ug Ca,1.3 alone 2) 5 ug Ca,1.2 or 5 pg Ca,1.3 with 5 pg
NT control 3) 5 ug Ca,1.2 or 5 pg Ca,1.3 with 5 pg of Ca,1.2 shRNA or
Ca,1.3 shRNA, respectively. This transfection was using the same calcium
phosphate protocol for the primary culture except the medium was not
changed before and after adding of DNA/calcium phosphate mixture to the
culture. Cultures were maintained in a humidified incubator at 37 °C in 5 %

CO..

3. Organitypic slice culture and Sindbis viral

10



transduction system

For slice cultures, P7-9 SD rats of either sex were decapitated and their
brains were obtained. The posterior part of the brain was cut into 350 pm-
thick transverse slices using a vibratome (ZERO 1; Dosaka, Kyoto, Japan) in
ice-cold Eagle’s balanced salt solution (EBSS) supplemented with 12.5 mM
HEPES. The entorhino-hippocampi were dissected out and cultured using
membrane interface techniques mostly according to a previously described
procedure (De Simoni and Yu, 2006). Slices were placed on a porous (0.4
pum) membrane (Millicell-CM; Millipore) and fed with mixture of 50%
MEM, 25% HS, 24% EBSS and 1% PS. Glucose was added to reach a final
concentration of 36 mM. The media were changed to serum-free media
(Neurobasal-A media with 2% B-27 supplement, 1% GlutaMAX-I, 1% PS
and 5 mM glucose) with SuM AraC the day after dissection. The media were
changed every 2 d. We used a Sindbis virus system to overexpress PH3-GFP
in hippocampal organotypic slice cultures. PH3-GFP was subcloned into

SINrep (nsP2S726), a modified Sindbis viral vector that shows attenuated

11



viral-induced cytotoxicity and higher expression levels of the protein of
interest in neurons (Kim et al., 2004). The complementary RNAs (cRNAs)
were synthesized from the linearized SINrep (nsP2S5726)/PHS-GFP and
helper DH-BB (tRNA/TE12) plasmid DNA, using in vitro transcription kit
(mMessage mMachine, Ambion). BHK21 cells were electroporated with
cRNAs of SINrep (nsP2S726)/PH-GFP and DH-BB (tRNA/TE12) according
to Sindbis Expression System manual (Invitrogen). The pseudovirions-
containing media were collected after 48 hrs, and then cell debris was
removed from the supernatant by centrifugation at 1400 x g for 10 min at
4°C and aliquots were stored at -80°C. Subsequently, cultured hippocampal
slices were infected at 8-15 DIV with titer resulting in infection of < 5% of

neurons for 24 hrs.

4. Western blotting
Primary cultured hippocampal neurons or HEK293 cells were harvested after

7 days or 24 hrs of DNA transfection, respectively. The cells were washed

12



once with Dulbecco’s phosphate-buffered saline (D-PBS) (Invitrogen) and

solubilized in ice-cold lysis buffer containing 50 mM Tris-Cl (pH 7.4), 150

mM NaCl, 1 mM EDTA, 1% SDS and 0.1% protease inhibitor mixture

(Sigma-Aldrich). Cell lysates were then sonicated 20 times at 1s interval and

denaturated by 100 C boiling water for 5 min. Cell lysates were clarified by

centrifugation at 8200 x g for 1 min at 4 C. Cell lysates were separated by

SDS-PAGE and transferred onto a polyvinylidene difluoride membrane

(Millipore). The resulting blots were blocked for 1h in PBS plus 0.1% Triton

X-100 (0.1% PBST) containing 5% skim milk (Difco). The blots were

incubated overnight at 4 C with specific primary antibodies: mouse

monoclonal anti-Ca,1.2 (1:150; Neuromab), rabbit polyclonal anti-Ca,1.3

(1:100; alomone labs, Israel), goat polyclonal anti-Ca,1.3 (1:100; Santa Cruz

Biotechnology), or goat polyclonal anti-GAPDH (1:1500; Santa Cruz

Biotechnology) as loading controls. The blots were washed with PBS

containing 1% NP-40 and 0.1% SDS (washing buffer) for 1 hr and then

twice with PBS for 30 min. After washing, the blots were incubated at room

13



temperature (RT) for 1h with the corresponding horseradish peroxidase-
conjugated secondary antibodies: donkey anti-mouse IgG (1:2500; Jackson
ImmunoResearch), donkey anti-rabbit IgG (1:2000; Abcam) or donkey anti-
goat IgG (1:2000; Santa Cruz Biotechnology). The blots were then washed
with washing buffer for 30 min and then twice with PBS for 15 min.
Detection was performed using enhanced chemiluminescence reagent (GE
Health-care Bioscience, UK) and exposed to x-ray films (Agfa Gevaert,

Belgium).

5. Imaging and analysis of PHo-GFP translocation

All images were obtained from DIV7-14 cultured neurons. Transfected cells
were imaged with TCS-SP2 (Leica) confocal laser-scanning microscope
using a 63x water-immersion objective (NA 1.20, HCX PL APO 63X, Leica)
or FV300 (Olympus) using 63% water-immersion objective (NA 0.9, LUMP-
lanFI/IR, Olympus). Fluorochromes were excited with an argon laser at 488

nm and 543 nm. Appropriate emission filters were used for fluorescence

14



detection. PH3-GFP favors phosphatidylinositol 4,5-bisphosphate (PIP,)
over phosphatidylinositol, phosphatidylinositol 3-phosphate, and
phosphatidylinositol 3,4,5-triphosphate, but has approximately 10 times
higher affinity for IP; than for PIP, (Varnai and Balla, 1998). Because of this
affinity difference, PIP, hydrolysis by PLC causes PHO-GFP to translocate
from the plasma membrane to the cytosol. Dissociated hippocampal primary
cultures were perfused with normal tyrode (NT) solution containing (mM):
NaCl 150, KCl 5, CaCl, 2, MgCl, 1, glucose 10, HEPES 10, adjusted to pH
7.4 with Tris-OH while imaging. To make Ca*"-free NT solutions, CaCl, was
replaced by equimolar MgCl, and 0.1 mM EGTA was added. Organotypic
hippocampal slice cultures were perfused with artificial cerebrospinal fluid
(aCSF) containing (mM) : NaCl 124, NaHCO; 26, KCI 3.2, NaH,PO, 1.25,
CaCl, 2.5, MgCl, 1.3, glucose 10, Na-pyruvate 3, vitamin C 3, bubbled with
mixture of 95% O, and 5% CO, to a final pH of 7.4. To statistically analyze
PHG-GFP translocation, a region of interest (ROI)s were defined in the

cytosol areas of soma or dendrite. Differences in the fluorescence intensity
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(AF) inside ROI was obtained and normalized to baseline values (Fy) before
1™ glutamate application (Fig. 1A-C, 2Ca, 2Cc, 4B, 4Cb). The relative AF
values were calculated by normalizing AF to the peak values of 1* glutamate
application (AF,) (Fig. 3A-D, 5A-B). The AF,/AF, values were obtained by
calculating ratio between the AF induced by glutamate plus inhibitors (AF,)

and the AF induced by glutamate only (AF;).

6. Calcium measurements in hippocampal primary
neurons

DIV7-14 primary cultured hippocampal neurons were loaded by incubation
with 2 uM Fura 2-AM plus 0.01 % Pluronic F-127 in NT solution for 10 min
at RT then washed for 10 min to remove excess calcium indicators. For
fluorescence excitation, I used a polychromatic light source (xenon-lamp
based, Polychrome-IV; TILL-Photonics), which was coupled to the epi-
illumination port of an inverted microscope (IX70, Olympus) via a quartz

light guide and an UV condenser. Microfluorometry was performed with a
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40x water immersion objective (NA 1.15, UAPO 40x W/340, Olympus) and
a photodiode (TILL-Photonics). Standard two-wavelength protocol was used
for fluorescence measurements of cells. Fluorescence intensity at an ROI
including the soma was measured at 1 Hz with double wavelength excitation
at 340 nm (F340) and 380 nm (F3g). The ratio R= Fs4¢/F350 Was converted to
[Ca®"]; values according to the following equation : [Ca®']; = K (R -
Riin)/(Rimax - R), where K¢ was estimated as 0.93 pM. Calibration
parameters were determined by using in vivo calibration (Lee et al., 2000)

and estimated R, and R,,.x were typically 0.24 and 3.4, respectively.

7. Acute slice preparation

After decapitation, the whole brain was immediately removed and
submerged in an ice-cold artificial cerebrospinal fluid (aCSF) containing
(mM) NaCl 116, NaHCO; 26, KCI 3.2, NaH,PO, 1.25, CaCl, 0.5, MgCl, 7,
glucose 10, Na-pyruvate 2, and vitamin C 3. Transverse hippocampal slices

(300 um thick) were prepared using a vibratome (VT 12008, Leica). Slices
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were recovered at 32°C for 30 min and then maintained at RT in an aCSF
containing (mM) NaCl 124, NaHCO; 26, KCI 3.2, NaH,PO, 1.25, CaCl, 2.5,
MgCl, 1.3, and glucose 10; I referred to the aCSFs as “recording aCSFs”

until they were used for recordings. The recording aCSFs were used during
electrophysiological recording. All aCSFs were bubbled with mixture of 95%

0O, and 5% CO, to a final pH of 7.4.

8. Electrophysiological recordings

Hippocampal CA1 pyramidal slices were transferred to an immersed
recording chamber continuously perfused with oxygenated recording aCSF
using a peristaltic pump (GILSON). CA1 pyramidal cells were visualized
using an upright microscope equipped with differential interference contrast
(DIC) optics (BX51WI, Olympus). All electrophysiological recordings were
made in soma with an EPC-8 amplifier (HEKA Electronik) at a sampling
rate of 10 kHz. Data recorded at different sampling rates are indicated. All

the recordings were carried out at 32 + 1°C, and the aCSF perfusion rate was
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maintained at 1-1.5 ml min™'. Patch pipettes (3-4 MQ) and monopolar
stimulator pipettes (1-2 MQ) were made from glass capillaries (Bo-
glasscapollaries, Hilgenberg) using a puller (PC-10, Narishige). The pipettes
were filled with internal solutions containing the following (mM): potassium
gluconate 130, KC1 7, NaCl 2, MgCl, 1, EGTA 0.1, ATP-Mg 2, Na-GTP 0.3,
and HEPES 10 (pH7.3 with KOH, 295 mosmol I"" with sucrose). A
stimulator (Stimulus Isolator A360; WPI) connected to a monopolar
electrode filled with recording aCSF was placed in the stratum radiatum
layer (horizontally and vertically ~120—150 um away from the soma) of the
CALl field to evoke SC stimulation induced-synaptic responses. For
excitatory postsynaptic current (EPSC) and inhibitory postsynaptic current
(IPSC) recordings, the stimulator intensity (100 ps duration; 9-31.5 V) of
extracellular stimulation was adjusted to evoke current amplitudes between
100 pA and 300 pA for the baseline. EPSCs and IPSCs were recorded from
CA1 pyramidal neurons in a whole-cell configuration at a holding potential

of —63 mV and +10 mV, respectively. I confirmed that EPSCs recorded at -
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63 mV in the presence of APV were completely abolished by blocking

AMPA receptors using NBQX, and that IPSCs recorded at +10 mV were

completely abolished by blocking GABA 4 receptors using bicuculline.

Immediately after whole-cell configuration, the pipette series resistance and

capacitance were compensated manually and checked throughout the

experiment. Cells in which the series resistance exceeded 20 MQ and

changed more than 15% during the experiment were discarded.

The mGIluR-LTD was induced by PP-LFS (1 Hz, 15 min), and

pharmacological mGluR-LTD was induced by DHPG application (7 min).

The PP-LFS was performed in current-clamp mode at resting membrane

potential (RMP) holding with the same stimulus intensity used for baseline

EPSCs or IPSCs recordings. All recordings were performed in the presence

of an NMDA receptor (NMDAR) antagonist (APV 50 uM) to block

NMDAR-dependent LTD.

To measure tonic GABAergic currents, [ applied voltage steps from the

holding potential of —60 to =120 mV (5 ms duration) with a ten-second
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interval, and plotted the changes in instantaneous currents measured at -
60mV (Lgomv) and -120 mV (1159 mv) before I, activation. The difference in L.
120 mv before and after GABA receptors (GABARSs) antagonists was

measured.

9. Drugs

AM-251, APV, bicuculline, CGP52432, CNQX, DHPG, LY367385, MPEP,
NNC-711, picrotoxin, tetrodotoxin, ZD7288 and w-Conotoxin MVIIC were
purchased from Tocris (UK). U73122 was from Biomol. Fura 2-AM, EGTA-
AM, and BAPTA-AM were from Molecular Probes. All other drugs were
purchased from Sigma Aldrich. Stock solutions of these drugs were made by
dissolution in de-ionized water or DMSO and were stored at -20 ‘C. On the
day of the experiment one aliquot was thawed and used. The concentration

of DMSO in solutions was maintained below 0.1 %.

10. Statistical analysis
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The data were analyzed using IgorPro (version 4.1, WaveMetrics) and
OriginPro (version 8.0, Microcal) software and presented as mean + SEM,
where n represents the number of cells studied. The statistical significance of
differences between the peaks was evaluated using a Student’s #-test (paired)
with confidence levels of p < 0.01 (**), p < 0.05 (*), and p > 0.05 (not
significant, n.s.), and the precise p number is written in the results. Statistical

correlations were tested using Pearson test.
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RESULTS

1. Glutamate, but not DHPG, induces robust PLC
activation in hippocampal neurons.
The intracellular signaling cascades elicited by DHPG application were
independent of PLC in previous studies (Fitzjohn et al., 2001; Ireland and
Abraham, 2002; Mockett et al., 2011; Schnabel et al., 1999; Sohn et al., 2007,
Sohn et al., 2011). In addition, it is suspected that the apparent PLC-
independence of mGIluR-LTD may be due to the use of DHPG to induce
LTD instead of more physiological methods (Luscher and Huber, 2010).
Thus, the idea is tested that the ability to activate PLC may be different
between DHPG and glutamate (the latter of which is released by fiber
stimulation). To this end, green fluorescent protein (GFP)-labeled PLC8-
pleckstrin homology domain (PHS-GFP) constructs were used to visualize
PLC activation (Gamper et al., 2004; Horowitz et al., 2005).
Primary-cultured dissociated hippocampal neurons were transfected with

PHS-GFP construct, and confirmed preferential localization of fluorescent
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signals at the plasma membrane (Single cell culture, “Control”) (Fig. 1Aa).

Interestingly, the application of (RS)-3,5-DHPG (50 uM), a specific group I

mGluR agonist, to the bath solutions did not induce discernable PH3-GFP

translocation (“DHPG ”, AF/F;=0.02 £ 0.01, n = 19), whereas glutamate

(30 uM) caused a robust translocation of PH3-GFP into the cytosol (“Glu ”,

AF/Fy=1.04£0.07,n=98, p <0.01) (Fig. 1Aa, Ac). Line profiles of

fluorescence intensity demonstrated that the cytosolic fluorescence, which

reflects the generation of IP;, remained unchanged with DHPG treatment,

but was significantly increased by glutamate treatment (Fig. 1Aa, insets). To

rule out the possibility that these observations are limited to dissociated

hippocampal neurons, similar series of experiments were repeated in

hippocampal slices. In organotypic slice culture systems, I confirmed that

glutamate, but not DHPG, induced PHo-GFP translocation (“DHPG”, AF/F,

=0.05+0.02,n=6vs “Glu”, AF/F;=0.57+0.13,n="7, p <0.01) (Fig. 1Ab,

Ac). Thus, results of this study suggest that stimulation of group I mGluR

alone is not sufficient to activate PLC in hippocampal neurons.
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2. Glutamate stimulates mGluRS to activate PLC in
hippocampal neurons.
Glutamate-induced translocation of PH3-GFP was observed in multiple
regions of the proximal dendrites (Fig. 1Ba, Bb), and these were not
significantly different from those observed in the soma (“Soma”, AF/F, =
1.44 £ 0.24 vs “Dendrite”, AF/Fy=1.28 £ 0.21, n= 6, p > 0.05) (Fig. 1Bc).
The increase in cytosolic fluorescence by glutamate was reliably repeated
with similar magnitude when glutamate was re-applied after about 10 min
interval (AF,/AF, = 88.0 + 3.6 %, n=10) (Fig. 1C, E). For some experiments,
tetrodotoxin (TTX; 1 uM) was added in the bath solution prior to second
glutamate application to block action potential-dependent events, and
glutamate still induced reliable translocation of PH3-GFP (AF,/AF, = 83.6 £
10.8%, n =5, p > 0.05) (Fig. 1E). The glutamate-induced translocation of
PHJ-GFP was significantly inhibited by PLC inhibitor U73122 (1 uM)

(AFy/AF, = 8.6 +3.1,n=4, p<0.01) (Fig. 1C, E) and 25 uM MPEP, a
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specific mGIuRS5 blocker (AF,/AF; = 11.2 +4.8%, n=4, p <0.01) (Fig. 1D,
E), but it was not affected by LY367385 (100 uM), a specific mGIluR 1
blocker (AF,/AF; = 84.1 £ 16.7%, n= 5, p > 0.05) (Fig. 1D, E). These results
demonstrate that glutamate-induced translocation of PH5-GFP is
independent of action potential firing and occurs via the activation of

mGIluR5 and PLC.

3. Ca® influx via AMPA receptor activation is required
for PLC activation by glutamate.
Given the differential effects of DHPG and glutamate, I suspected that
glutamate may provide additional signaling mechanisms required for PLC
activation via 1GIluRs. To test this idea, the contribution of iGluRs was
examined using 10 pM CNQX or 50 uM APV, specific antagonists for
AMPA receptors and NMDA receptors, respectively. As shown in Fig. 2Aa
and 2Ac, glutamate-induced translocation of PH3-GFP was blocked by

CNQX (AF,/AF; =16.8 £4.2%,n =5, p <0.01), but it was not significantly
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affected by APV (AFy/AF, =69.3 £8.0%, n= 5, p > 0.05). I also found that
glutamate-induced translocation of PHS-GFP was completely suppressed in
Ca’"-free bath solutions (AF,/AF;=9.0 £5.9%, n=6, p <0.01), but it was
not significantly affected by 2 uM thapsigargin (AF,/AF; = 89.6 + 8.5%, n =
4, p > 0.05), which suggested a role of Ca*" influx, but not Ca>" mobilization
(Fig. 2Ba, Bc). Thus, these results suggest that Ca®" entry triggered by
AMPA receptor activation may contribute to mGluR5-mediated PLC
activation.

In a separate series of experiments, glutamate-induced Ca”" transients
([Ca*];) were characterized to identify Ca*" sources required for PLC
activation by mGluRS5 in primary-cultured dissociated hippocampal neurons
loaded with 2 uM fura-2 AM. Bath applications of glutamate (30 uM)
caused a rapid increase in [Ca>"]; with an average amplitude of 438 + 27 nM
(n = 67). Glutamate-induced [Ca*']; increase was completely suppressed in
Ca*"-free bath solution ([Ca*"],/[Ca®]; = 0.22 £0.1 %, n= 4, p <0.01), but

it was not affected by 2 pM thapsigargin ([Ca®'],/[Ca*'], = 89.5 + 8.5%, n =
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4, p > 0.05) (Fig. 2Bb, Bc), indicating that glutamate-induced [Ca®"];
increase is mostly mediated by Ca”" influx, but not by Ca*" release in
cultured hippocampal neurons. I also confirmed that CNQX profoundly
inhibits glutamate-induced [Ca®]; ((Ca®'],/[Ca*']; =5.3+3.4%,n=5,p <
0.01), but APV has no effect ([Ca®]o/[Ca’]; =92.0 £ 11.1%, n= 5, p > 0.05)
(Fig. 2Ab, Ac). These results suggest that AMPA receptors, but not NMDA
receptors, are largely responsible for the Ca®” influx by glutamate. Given the
calcium dependence of PLC activity (Rebecchi and Pentyala, 2000; Ryu et
al., 1987), AMPA receptor-mediated depolarization and subsequent Ca**
influx via voltage-gated Ca®" channels (VGCCs) may facilitate PLC
activation by mGluRS.

To test whether the opening of VGCCs independent of AMPA receptor
stimulation can facilitate PLC activation by mGIuRS, external K
concentration was elevated from 5 mM to 50 mM. The CNQX (10 pM) was
added to the bath solution for these experiments so that the contribution of

AMPA receptor-mediated depolarization by glutamate that is released from
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presynaptic terminals in high K™ conditions is excluded. Under this
experimental condition, 50 mM KCl alone increased [Ca*']; to 697 + 86 nM
(n = 12), but had no effects on PH3-GFP translocation (AF/Fy = 0.08 + 0.03,
n=15) (Fig. 2Ca to Cc). When DHPG was added to 50 mM KCl, it robustly
induced PHo-GFP translocation (AF/Fy=1.03 £0.2, n= 10, p <0.01) (Fig.
2Ca, Cc). These findings further support that Ca®" influx through VGCCs is

required for PLC activation by mGIuRS5.

4. Both L-type and T-type Ca®" channels mediate Ca**
influx, but only L-type Ca’" channels contribute to
PLC activation.

I used specific Ca*" channel blockers to identify specific Ca*" channel

subtypes that mediate Ca”" influx and contribute to PLC activation.

Glutamate-induced [Ca; is significantly inhibited when pretreated with

nimodipine (10 pM), an L-type Ca*" channel blocker ([Ca*"],/[Ca*'], = 47.4

+10.1%, n=7, p <0.01) (Fig. 3A, E). Consistent with the effects on Ca**
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influx, 10 uM nimodipine significantly blocked increase of cytosolic
fluorescence (AF,/AF, =47.1+7.9%,n=5, p<0.01) (Fig. 3A, E). A lower
concentration (1 uM) of nimodipine inhibited [Ca®"]; or PH3-GFP
translocation to a similar extent ([Ca*"],/[Ca’"]; =44.1+ 6.2 %, n=7, p<
0.01; AF,/AF; =52.9 £ 7.9%,n= 15, p <0.01). I also confirmed that 10 uM
nimodipine significantly inhibits increase of cytosolic fluorescence in the
proximal dendrite as well.

Mibefradil (5 pM), a T-type Ca®" channel blocker, also significantly
inhibited the glutamate-induced [Ca®]; ([Ca®'],/[Ca*'], = 53.8 £ 3.0%, n =9,
p <0.01) (Fig. 3B, E). In addition, simultaneous application of nimodipine
(10 uM) and mibefradil (5 uM) had additive effect, inhibiting glutamate-
induced [Ca®"]; by ~75% ([Ca®],/[Ca*'], = 25.0 £ 5.3%, n=15, p < 0.01).
Interestingly, however, mibefradil did not inhibit glutamate-induced PHo-
GFP translocation (AF,/AF, = 108.6 + 24.8%, n = 6, p > 0.05) (Fig. 3B, E).
Similar results were obtained with another T- type Ca®" channel blocker,

NiCl, (100 uM) ([Ca*'1o/[Ca*']; = 53.5 + 4.4%, n =5, p < 0.01; AFo/AF, =
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110.1 £22.4%,n =15, p > 0.05) (Fig. 3E).

The amplitude of glutamate-induced [Ca®"}; or PH3-GFP translocation was
not significantly affected by w-conotoxin MVIIC (1 uM) ([Ca*'1/[Ca*], =
97.9 £6.6%,n=5, p>0.05; AF,/AF, =94.4 £ 6.3%, n= 5, p > 0.05),
indicating that N-type and P/Q type Ca®" channels are not involved (Fig. 3C,
E). It was noted that 1-naphthyl acetyl spermine (NASPM, 10 uM), a
specific Ca*"-permeable AMPA blocker, slightly suppressed glutamate-
induced [Ca®"]; ([Ca®],/[Ca*"], = 80.0 + 1.7%, n = 4, p < 0.05), but had no
effect on PHS-GFP translocation (AF,/AF; = 84.9 + 11.7%, n = 6, p > 0.05)
(Fig. 3D, E).

I found that most of glutamate-induced Ca®" influx is mediated by L-type
and T-type Ca”" channels, but Ca*" influx through the L-type Ca*" channels
exclusively contribute to PLC activation by mGIuRS stimulation. Thus, the
contribution of each Ca®* source (L-type and T-type Ca®" channels) to global
Ca’" transients is not proportional to its contribution to PLC activation (Fig.

3F). These findings suggest that PL.C activation by glutamate is not
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regulated by global Ca>", but by local Ca*". Therefore, it can be hypothesized
that Ca*" sensors involved in mGluR5-induced PLC activation is localized

very closely to the L-type Ca*" channels.

5. BAPTA, but not EGTA, inhibits PLC activation by
glutamate significantly.
The coupling distance between Ca®" sources and Ca”" sensors is a key
determinant of signaling properties, and it can be probed by comparing the
effects of BAPTA and EGTA. BAPTA, a fast Ca>* chelator, effectively
captures the Ca” on its way from the Ca®" channels to the Ca®" sensors in a
short distance (smaller than 100nm), whereas EGTA, a slow Ca** chela tor,
selectively spares nanodomain Ca*" signals (Eggermann and Jonas, 2012;
Neher, 1998). Therefore, signal transmission is impaired by only BAPTA,
but not by EGTA, when the coupling distance is short (nanodomain
coupling), whereas both BAPTA and EGTA are effective when the coupling

distance is longer (microdomain coupling). The same experimental approach
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was used to probe the coupling distance between L-type Ca®* channels and
Ca’" sensors involved in mGluR5-induced PLC activation. Firstly, I
confirmed that the glutamate-induced increase in global Ca*" was almost
completely abolished in cultured hippocampal neurons loaded with BAPTA-
AM (100 uM) or EGTA-AM (100 uM) for 30 min. Nonetheless, the
glutamate-induced translocation of PH3-GFP was significantly inhibited in
BAPTA-loaded cells (AF,/AF; =45.4 +7.0%,n= 8§, p<0.01), but was not
affected significantly in EGTA-loaded cells (AF,/AF; =69.3 £7.9%,n=6,p
> 0.05; p < 0.05 with BAPTA-loaded cells) supporting the nanodomain
coupling between L-type Ca>" channels and the Ca®" sensors involved in

PLC activation (Fig. 4A to C).

6. Both Ca,1.2 and Ca,1.3 contribute to PLC activation
by glutamate.
Ca,1.2 and Ca,1.3 are the most widely expressed L-type Ca®" channels in

neurons (Hell et al., 1993). The RNA interference technique was employed
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to determine the contribution of Ca,1.2 and Ca,1.3 Ca’" channels to the
glutamate-induced PHO-GFP translocation (see Materials and Methods).
Immunoblot analyses of HEK293 cells or primary cultured hippocampal
neurons transfected with respective DNA constructs revealed that the
expression of both Ca,1.2 and Ca,1.3 were significantly decreased by
targeted short-hairpin RNAs (shRNAs) compared to non-targeted controls
(NT control) (Fig. 5Aa, Ab).

Glutamate-induced [Ca®']; remained unchanged up to 7 days following
transfection of primary-cultured dissociated hippocampal neurons with NT
control, and the average [Ca®"]; was 267.3 + 30.4 nM (n=10) at 7 days post-
transfection (dpt) (Fig. 5Ba, Ca). It was noted that glutamate-induced [Ca®;
in neurons transfected with Ca,1.2-targeting shRNA (shCa,1.2) were
significantly decreased at 7 dpt ([Ca®"]; = 99.7 + 21.4, n= 14, p < 0.01) (Fig.
5Bb, Ca). In contrast, glutamate-induced [Ca*"]; measured in neurons
transfected with Ca,1.3-targeting sShRNA (shCa,1.3) was slightly reduced,

but not significantly different from those transfected with NT control ([Ca®"];
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=215.0£27.4,n=2_8, p>0.05) (Fig. 5Bc, Ca). These data suggest that
Ca,1.2 is the major isoform that mediates glutamate-induced Ca”" influx.
Significant effects of Ca,1.2 knockdown on glutamate-induced Ca**
increase were observed after 5 dpt. Thus, the effects of Ca,1.2 and Ca,1.3
knockdown on glutamate-induced PH3-GFP translocation were tested in
neurons between 6 and 8 dpt. The normalized average amplitude (AF/F,) of
the cytosolic fluorescence increment by glutamate in non-targeted cells was
0.55+0.07 (n = 10), and it was significantly decreased to 0.15 + 0.07 (n=9,
p <0.01) in neurons transfected with shCa,1.2 (Fig. 5Ba, Bb and Cb). The
magnitude of inhibition by shCa,1.2 for glutamate-induced PH3-GFP
translocation was comparable to that for glutamate-induced Ca>" increase.
Interestingly, glutamate-induced PH3-GFP translocation was also
significantly reduced by shCa,1.3 (AF/Fy=0.24 £ 0.06, n=9, p < 0.01) (Fig.
5Bc, Cb). Finally, the effects of Ca,1.2 and Ca,1.3 knock-down on Ca**
transients ([Ca®"]; = 89.5 +32.4, n =9, p < 0.01) (Fig. 5Bd, Ca) and PH&-

GFP translocation (AF/Fo = 0.15 £ 0.05,n =9, p < 0.01) (Fig. 5Bd, Cb) were
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comparable to the effects of Ca,1.2 knock-down alone.

7. mGluR-LTD is dependent on PLC and L-type Ca**
channels at SC-CA1 pyramidal neuron excitatory
synapse.

The results of this study indicate that DHPG is not sufficient to activate PLC

in hippocampal neurons, which may serve as a clue to answer the question

why mGIuR-LTD induced by DHPG at excitatory synapses (e-LTDpppg) is

independent of PLC, PKC, IP, and postsynaptic Ca®" (Fitzjohn et al., 2001;

Mockett et al., 2011; Schnabel et al., 1999). I confirmed that e-LTDpypg is

not affected by the PLC inhibitor, U73122 (“Control”, 59.9 + 5.8 % of

baseline at 40 min after 100 uM DHPG, n= 5 vs “U73122”, 64.7 £ 3.7 % of

baseline at 40 min after 100 pM DHPG in the presence of 10 uM U73122, n

=35, p>0.05) (Fig. 6A).

It should be noted that mGIluR-LTD induced by PP-LFS at excitatory

synapses (e-LTDpp. rs) was demonstrated to involve PLC and PLC-
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dependent signal pathways (e.g. PKC and postsynaptic Ca>") (Bolshakov and
Siegelbaum, 1994; Holbro et al., 2009; Lee et al., 2005; Oliet et al., 1997,
Otani and Connor, 1998; Reyes-Harde and Stanton, 1998). Possibly, PP-LFS
to SC fibers induces Ca®" channel activation associated with APs or dendritic
Ca’" spikes, thus contributing to PLC activation. To test this idea, the effects
of blocking PLC or Ca®" channels were examined on the changes of EPSCs
amplitude induced by PP-LFS (1Hz for 15min) which consistently induces
mGIuR-LTD (Luscher and Huber, 2010). To inhibit NMDAR-dependent
LTD, all recordings were performed in the presence of 50 pM APV. I
confirmed that after PP-LFS to SC fibers, EPSCs amplitude was
significantly reduced and this reduction lasted as long as the recording was
maintained (52.4 + 3.7 % of baseline at 35 min after PP-LFS, n = 8) (Fig.
6B-D). The e-LTDpp_ rs was prevented by 10 uM U73122 (98.2 £2.3 % of
baseline at 35 min after PP-LFS, n= 6, p <0.01) (Fig. 6B) and 25 uM MPEP
(86.3 £6.0 % of baseline at 35 min after PP-LFS, n= 6, p <0.01) (Fig. 6C).

The paird-pulse ratio (PPR) remained unchanged by e-LTDpypg (“Control”,
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150.4 + 5.8 %; “LTDpupg”, 157.8 £4.9 %, n =5, p > 0.05) and e-LTDpp.1¢s
(“Control”, 148.8 £ 5.0 %; “LTDpp.Lgs”, 160.7 £9.7 %, n =8, p > 0.05) (Fig.
6Ea, Eb). These findings demonstrate that mGluR-LTD induced by PP-LFS

of SC axons onto the CA1 pyramidal neurons requires PLC activation.

Finally, I tested if L-type Ca®" channels, which provide Ca*" for PLC
activation, are required for mGluR-LTD. I found that in the presence of 20
uM nimodipine PP-LFS to SC pathway did not induce LTD (92.0 + 5.8 % of
baseline at 35 min after PP-LFS, n = 7, p < 0.01) (Fig. 6D). Together, these
findings demonstrate that mGluR-LTD at SC-CAL1 synapses induced by PP-
LFS involves PLC activation, and Ca*" influx via L-type Ca®" channels serves

as a prerequisite.

8. E-S potentiation associated with LTDpp_ rs leads to
increased AP output

The activation of group 1 mGluRs induces not only LTD (Kim et al., 2015;

Luscher and Huber, 2010) but also increased excitability (Ireland and

Abraham, 2002). To check whether the I-O relationship is affected during
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mGluR-dependent e-LTD, several intrinsic parameters and E-S coupling that

measured before PP-LFS induction (control) and 30min after LTD induction

(pPP-LFS : post-PP-LFS) are compared (Fig. 7A). In accordance with EPSC

depression, EPSP amplitudes were also reduced. In current clamp

experiments, a burst synaptic stimulation (5 stimuli, 50 Hz, delivered every 2

s) was applied to record summated EPSPs (Fig. 7B). The amplitude of the 1%

EPSP was significantly reduced after PP-LFS (0.56 = 0.06,n =8, p=0.1),

but the summation ratio (summated EPSP amplitude/1® EPSP amplitude)

was unchanged (Control, 2.25 + 0.2; pPP-LFS, 2.30+ 0.4, n=7,p=0.9)

(Fig. 7B). The decrement in EPSP amplitude after PP-LFS obtained from an

individual cell was equivalent to that in its EPSC amplitude (Fig. 7C),

suggesting that EPSP changes are parallel to EPSC changes, which indicates

no significant change in dendritic excitability during e-LTDpp_gs. In the

presence of the metabotropic glutamate receptor 5 (mGluR5) blocker MPEP

(25 uM), EPSCs (1.00 + 0.05, n = 7) and EPSPs (0.98 + 0.08, n = 7)

remained unchanged after PP-LFS, indicating that e-LTDpp_; s is
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predominantly mediated by mGluRS5 (Fig. 7D). It is also confirmed that

MPEP alone does not affect the basal synaptic transmission (EPSC

amplitude: Control, 156.4 + 16.0 pA; +MPEP, 152.1 £23.9pA;n=5,p=

0.7) or electrical properties such as RMP (Control, -58.1 £ 0.5 mV; +MPEP,

-58.7£0.5mV;n=6, p=0.1) and R;, (Control, 136.7 = 16.0 MQ; +MPEP,

130.0 £17.6 MQ; n= 6, p =0.5).

Despite a significant decrease in EPSPs during e-LTDpp_; rs, surprisingly,

AP generation significantly increased after PP-LFS (Fig. 7E). I applied 10

burst stimulations at each stimulation intensity to measure the AP generation

probability. Fig. 7E shows exemplary traces that were obtained at a stimulus

intensity of 27 V before PP-LFS induction (Control) and 30 min after LTD

induction (pPP-LFS). To plot I-O relationships, the stimulus intensity was

varied in a wide range from subthreshold to suprathreshold and found that

the I-O relationship shifted leftward after PP-LFS. The magnitude of the

leftward shift after PP-LFS was quantified by comparing the stimulus

intensity required for 50% AP probability (Slsp) in pPP-LFS with that in
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Control (Fig. 7F). Sls significantly decreased during e-LTDpp.1rs (SIso =

0.78 £ 0.05 in pPP-LFS, n= 6, p =0.02), and this decrease was abolished in

the presence of MPEP (SIsp = 1.01 £ 0.06 in pPP-LFS, n=7, p = 0.9) (Fig.

7F), suggesting that the leftward shift in the [-O relationship during e-

LTDpp.irs is dependent on mGluRS5. The leftward shift in the I-O

relationship despite synaptic depression may suggest the occurrence of E-S

potentiation during e-LTDpp.rs. Therefore, the E-S curve was obtained by

converting the x-axis into an EPSP slope (Fig. 7G). The EPSP slope to attain

50% AP probability (ESso) after PP-LFS was 0.75 +0.03 (n = 6, p = 0.0006)

of Control (Fig. 7G), indicating that PP-LFS induces a significant E-S

potentiation.

The increase in AP firing probability at the same EPSP slope implies Vi,

changes during e-LTDpp_;fs. | determined Vy, as the membrane potential

where dV/dt was over 10 V/s in the phase-plane plots and found that V, was

significantly hyperpolarized after PP-LFS (Control, —40.8 + 0.8 mV; pPP-

LFS, —46.0 £ 1.5 mV; n = 8, p = 0.0006) (Fig. 7H). These results suggest
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that Vy, hyperpolarization contributes to E-S potentiation during e-LTDpp_ s,
which is powerful enough to induce a leftward shift in the I-O relationships

despite synaptic depression.

9. The LTD of GABAergic synapses mediated by eCB
underlies E-S potentiation during e-LTDpp_ s
The next question was the mechanism underlying E-S potentiation during e-
LTDpp.irs. Disinhibition was suggested to participate in E-S potentiation
during tetanus-induced LTP (Chavez-Noriega et al., 1989; Chavez-Noriega
et al., 1990). To investigate whether disinhibition is involved in E-S
potentiation during e-LTDpp.1rs, I first examined whether IPSCs are reduced
after PP-LFS. IPSCs evoked by stimulating the SC pathway were recorded at
a holding potential of +10 mV. Changes of IPSCs after PP-LFS were
monitored and found that the amplitude of IPSCs was reduced significantly
after PP-LFS (0.38 + 0.05 of baseline at 25-30 min after PP-LFS, n = 5) (Fig.

8A). Since the decrease in IPSCs persisted more than 30 min, I referred to it
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as i-LTD. The IPSC amplitude reduction was accompanied by an increase in

PPR (Control, 0.84 + 0.06; 25-30 min after PP-LFS, 1.38 £ 0.3;n=5,p=

0.04), suggesting that i-LTD is attributable to the decrease in GABA release

from presynaptic terminals (Fig. 8A). Furthermore, I confirmed that i-LTD

was abolished by MPEP (IPSC: 0.95 + 0.09 of baseline at 25-30 min after

PP-LFS; PPR: Control, 1.07 = 0.09; 25-30 min after PP-LFS, 1.1 £ 0.08; n=

5, p=0.3) (Fig. 8B). These results suggest that mGluR 5-dependent

mechanisms activated during PP-LFS affect presynaptic GABAergic

terminals, possibly via retrograde signaling to cause i-LTD.

eCBs, such as 2-AG, have been suggested as retrograde signaling

molecules to mediate high frequency stimulation-induced i-LTD in the CAl-

SC synapse (Chevaleyre and Castillo, 2003, 2004; Younts et al., 2013). The

activation of group 1 mGluRs triggers eCB mobilization upon PLC and

diacylglycerol lipase o (DGLa) activation (Castillo et al., 2012). To assess a

possible role of eCB signaling in i-LTD, I examined the effects of AM251, a

type 1 cannabinoid receptor (CB;R) antagonist, on i-LTD. In the presence of
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AM251 (2 uM), PP-LFS no longer induced i-LTD, indicating that i-LTD

depends on CBRs (IPSC: 0.89 + 0.08 of baseline at 25-30 min after PP-LFS;

PPR: Control, 0.93 + 0.1; 25-30 min after PP-LFS, 0.92 £0.1;n= 15, p=0.9)

(Fig. 8C). These results suggest that PP-LFS at the SC pathway activates

mGIuRS5/PLC pathways in postsynaptic CA1 neurons, which mobilizes

eCBs that activate CBRs in presynaptic GABAergic interneuron terminals,

resulting in reduced GABA release.

To further verify whether disinhibition indeed contributes to E-S

potentiation, I examined if blocking GABARs can mimic the PP-LFS effects.

When GABARSs are blocked by applying a mixture of a GABA,4 receptor

antagonist (bicuculline 20 uM or picrotoxin 100 uM) and a GABAg receptor

antagonist (CGP52432 1 uM) (antiGABARS), the I-O relationship shifted

leftward significantly (Slso = 0.69 + 0.03 with antiGABARs, n=8, p =

0.00003) (Figs. 9A and 9B). However, the amplitude of EPSPs (Control, 3.7

+ 0.6 mV; +antiGABARs, 4.0 £ 0.8 mV; n =8, p = 0.6) and the EPSP slope

(Fig. 9C) were not significantly affected by antiGABARs, suggesting that
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inhibitory postsynaptic potentials do not significantly affect EPSPs under the

experimental conditions. Nevertheless, E-S coupling was significantly

potentiated by antiGABARs (ESsy = 0.84 £ 0.03, n=7, p = 0.002) (Fig. 9D),

and this potentiation was associated with a significant Vi, hyperpolarization

(Control, —40.1 = 1.0 mV; +antiGABARs, —42.2 £ 1.0 mV; n=8,p =

0.0007) (Fig. 9E). On the other hand, significant changes were not observed

when bicuculline was applied alone (SIso = 1.01 £ 0.1 with bicuculline, n= 7,

p =0.9; Vy : Control, -41.3 = 0.8 mV; +bicuculline, -41.8 £ 1.2 mV; n=6, p

= 0.6) or CGP52432 alone (SIsp = 1.06 £ 0.1 with CGP52432, n=9, p=0.6;

Vi : Control, —40.5 £ 1.4 mV; +CGP52432, —40.8 £ 0.8 mV; n =5, p=10.9).

These results suggest that both GABA, and GABAg receptors are required

for E-S potentiation in CA1 neurons, and that Vy, hyperpolarization is a

major mechanism underlying E-S potentiation induced by disinhibition,

which is consistent with the E-S potentiation mechanism by PP-LFS.

I then examined whether antiGABARSs occlude PP-LFS effects. The

antiGABARs did not affect the expression of e-LTDpp_1ps (0.61 = 0.07 of

45



baseline at 25—30 min after PP-LFS, n = 6) (Fig. 9F) but inhibited the effects
of PP-LFS on the I-O relationship or E-S coupling (Figs. 9G to 9I). In fact,
AP generation decreased significantly after PP-LFS (Sl = 1.21 £ 0.05 in
pPP-LFS, n= 8, p=0.003) (Fig. 9H), while E-S coupling (ESso = 0.98 £
0.02,n=28, p=0.4) (Fig. 91) and Vy, (+antiGABARs, —42.8 + 1.3 mV; pPP-
LFS, —43.9+£ 0.9 mV; n=9, p = 0.3) (Fig. 9J) remained unchanged after PP-
LFS in the presence of antiGABARSs. The Sl increase after PP-LFS in the
presence of antiGABARs can be explained by a reduced EPSP amplitude
with unchanged Vy,. These results are consistent with the hypothesis that E-S
potentiation associated with the Vy, hyperpolarization after PP-LFS is

attributable to disinhibition.

10. Reduction of tonic GABA currents underlies
increased AP output with Vi, hyperpolarization
during e-LTDpp_LFS

GABAergic inhibition is generally thought to occur via shunting effects. In
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this regard, disinhibition that causes a reduction in shunting effects is

expected to increase EPSPs, but it was noted that blocking GABARs does not

increase the amplitude or slope of EPSPs (Fig. 9C). To understand this

observation, disinhibition effects on Ry, changes along with RMP changes

were examined and found that antiGABARs did not significantly affect Ry,

(Control, 111.6 + 8.4 MQ; +antiGABARs, 117.7£ 8.1 MQ; n=9, p=0.1)

(Fig. 10A) or RMP (Control, -59.4 + 0.3 mV; +antiGABARs, -58.5 +£ 0.8 mV;

n=9,p=0.3). On the contrary, R;, was increased significantly after PP-LFS

(Control, 117.7 + 8.8 MQ; pPP-LFS, 164.0 £ 14.2 MQ; n = §, p = 0.0005)

(Fig. 10A), while RMP was unchanged (Control, —=59.4 + 0.6 mV; pPP-LFS,

—60.1 £ 0.6 mV; n= 14, p = 0.2). However, PP-LFS-induced increases in R;,

were unaffected by antiGABARs (+antiGABARs, 132.1 + 8.1 MQ; pPP-LFS,

164.1 £18.9 MQ; n=9, p =0.05) (Fig. 10A), suggesting that disinhibition

does not cause a significant increase in R;, and that the increased R;, after PP-

LFS is not related to disinhibition.

Among PP-LFS induced effects and antiGABARSs effects, Vy,
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hyperpolarization was commonly found and considered relevant as a

mechanism for E-S potentiation. To further characterize the Vy, change, Vy,

hyperpolarization for APs evoked by somatic depolarization was examined.

APs were evoked by injecting depolarizing ramp currents (250 pA/s) to the

soma under current clamp conditions, and the Vy, for the first AP and the

number of APs were measured before and 30 min after PP-LFS. After PP-LFS,

Vi, was hyperpolarized (Control, —41.4 = 0.8 mV; pPP-LFS, —-47.4 + 1.9 mV;

n =6, p =0.04) and more APs were evoked (Control, 8.7 = 1.5; pPP-LFS,

12.3 £ 1.4; n= 6, p=0.005) (Fig. 10B). The magnitude of Vy,

hyperpolarization for APs evoked by direct somatic stimulation was not

significantly different from that evoked by SC stimulation (6.0 mV vs. 5.2

mV). The Vy, values (Control, —39.8 + 0.7 mV; pPP-LFS, —40.0 £2.0 mV; n

=6, p=0.9) and AP numbers (Control, 7.7 = 1.1; pPP-LFS, 7.3 £ 1.5; n =6, p

= (.7) were unchanged after PP-LFS in the presence of MPEP (Fig. 10B),

confirming the involvement of mGluRS5 activation in these effects.

I then examined whether the inhibition of GABARSs can mimic and
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occlude PP-LFS effects. When antiGABARs were applied, the AP

generation evoked by ramp current injection to the soma significantly

increased (Control, 8.7 £ 2.0; +antiGABARs, 12.0 £ 1.6; n= 6, p = 0.03),

and this increase was associated with a significant Vi, hyperpolarization

(Control, —40.4 = 1.1 mV; +antiGABARs, —43.2 £ 1.5 mV; n = 6, p = 0.045)

(Fig. 10C). Furthermore, in the presence of antiGABARs, PP-LFS did not

affect AP generation (+antiGABARs, 10.7 + 1.4; pPP-LFS, 11.0£1.9; n =9,

p=0.7) or Vy, (+antiGABARs, —42.3 £ 1.4 mV; pPP-LFS, —43.0 + 1.3 mV;

n=9, p =0.5), indicating the occlusion of PP-LFS effects by antiGABARs

(Fig. 10D). Applying GABA 4 or GABAg receptor antagonists alone did not

show significant effects, suggesting the involvement of both GABA, and

GABAgreceptors in the increased AP firing associated with Vy,

hyperpolarization after PP-LFS.

A possible mechanism for the effects of antiGABARs and PP-LFS on

APs evoked by somatic depolarization is that tonic GABA currents at an

ambient GABA level have inhibitory roles for AP generation by increasing
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Vin. Ambient GABA levels are expected to decrease when vesicular GABA

release is reduced after PP-LFS, which in turn hyperpolarizes Vy, and

increases AP generation. To verify this hypothesis, identifying tonic GABA

currents using the same internal solution used for AP recordings is a

prerequisite. The conventional method for recording tonic GABA currents is

to measure the change in holding current level by GABA receptor

antagonists under the condition that the driving force for CI is maximized

using a high CI  internal solution or ambient GABA concentration is

maximized using GABA transporter inhibitors (Bright and Smart, 2013;

Dalby, 2003; Glykys and Mody, 2007; Razik et al., 2013). Since detecting

holding current level changes by applying antiGABARs was not successful

with the low Cl  internal solution used in the present study (calculated E¢,

—65.9 mV), I recorded changes in the current level by antiGABARs at —120

mV by applying voltage steps from the holding potential of —60 to =120 mV

(5 ms duration) (Fig. 11A). Although GABA4 or GABAg receptor

antagonists alone did not induce significant changes, a small but significant
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decrease in the current was observed when antiGABARs were applied. The

different currents before and after applying antiGABARs recorded at —120

mV were regarded as GABARs-mediated currents (Igagars) (Control, —39.1

+ 8.0 pA, n=9) (Figs. 11A and 11E). The current level at =120 mV was

decreased by TTX (0.5 pM) (21.6 = 5.3 pA, n=15), and thus, the Igapars

amplitude was reduced significantly in the presence of TTX (+TTX, —6.6 +

4.5 pA,n=15,p=0.0008) (Figs. 11C and 11E). On the other hand, the

current level at —120 mV was increased by NNC-711 (5 uM), a GABA

uptake inhibitor (24.1 £ 9.3 pA, n = 7). The Igapars amplitude in the

presence of NNC-711 was —46.2 + 7.7 pA (n = 6) (Figs. 11D and 11E),

slightly larger than that obtained from Control, although the difference was

not statistically significant. These results support that Igapars is the current

activated by ambient GABA. Importantly, antiGABARs had no effect on

currents after PP-LFS, suggesting that Igapars became negligible after PP-

LFS (pPP-LFS, 6.3 +2.5 pA, n=7, p = 0.0003) (Figs. 11B and 11E).

These results support that Igapars at the basal state, which has an inhibitory
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role in the AP firing of CA1 neurons by Vy, modulation, is reduced by PP-

LFS, resulting in the AP firing increase during e-LTDpp_i s.

11. The PP-LFS-induced reduction of tonic inhibition is
mediated by eCB/CB;R activation
I have shown that i-LTD is mediated by eCB/CB;Rs (Fig. 8C). Considering
that the main source of ambient GABA responsible for tonic inhibition in the
hippocampus is the vesicular GABA release responsible for activating phasic
inhibition (Glykys and Mody, 2007), I examined whether eCB/CB;R
activation is involved in the reduction of tonic currents after PP-LFS. In the
presence of AM251, Igapars Was well detected after PP-LFS, and no
significant difference was determined between the Igapars amplitudes
obtained before and after PP-LFS (no PP-LFS, —22.3 £2.6 pA at =120 mV, n
= 6; pPP-LFS, —20.8 £ 1.2 pAat —120 mV, n = 5; p = 0.6) (Figs. 12A to
12C). In agreement of this finding, PP-LFS-induced Vy, hyperpolarization

was abolished in the presence of AM251 (Vy,_ramp: +AM251, —=39.0 = 0.4
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mV; pPP-LFS, 404 £ 04 mV;n=9,p=0.1; Vi, SC: +AM251, -39.8 =
0.7 mV; pPP-LFS, —40.8 £ 0.6 mV; n= 6, p = 0.2) (Figs. 12D and 12E).
Collectively, these results suggest that the PP-LFS-induced increases in
somatic excitability and E-S potentiation are mediated by the CB;R-

dependent inhibition of the inhibitory input.

12. DHPG does not induce the leftward shift in I-O
relationship during e-LTD
Next, I investigated whether mGIuR-LTD at excitatory synapses induced by
the group 1 mGluR agonist DHPG (e-LTDpgpg) also leads to a leftward shift
in I-O relationship and E-S coupling. As were the changes during e-LTDpp.
Lrs, EPSC changes during e-LTDpgpg were parallel to EPSP changes (0.71 £
0.06, n=7) (Fig. 13A). However, the I-O relationship during e-LTDpgpg
was different from that during e-LTDpp s (Figs. 13B and 13C). The AP
output during e-LTDpypg in response to burst synaptic stimulation was not

consistently increased or decreased but showed a variable response. As a
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result, the mean value for Sls, during e-LTDpypg Was not significantly

different from that obtained before DHPG application (SIso = 1.02 = 0.08, n

=11, p =0.9) (Fig. 13C). To understand the I-O response variability during

e-LTDpppg, the magnitudes of output changes (1 - normalized SIs) and

synaptic weight changes (EPSPpupc/EPSPconio) Were compared and found a

linear relationship between these two parameters (Fig. 13C), suggesting that

synaptic weight is a major factor for determining AP outputs. Interestingly,

the relationship crosses zero when EPSPs were reduced by about 20%,

suggesting that 20% of the EPSP reduction was compensated by another

mechanism that increases excitability. The analysis of the E-S coupling

revealed a somewhat variable response in that most cells showed E-S

potentiation while a few cells showed E-S depression. The mean value for

ESs, decreased significantly after DHPG (ESs, 0.93 +£0.03, n =10, p = 0.01)

(Fig. 13D), but the decrease was smaller than that observed after PP-LFS. To

examine the involvement of i-LTD in DHPG-induced E-S potentiation,

changes in IPSCs after DHPG (0.82 = 0.06 of baseline at 25-30 min after
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DHPG, n = 10) were measured (Fig. 13E). In contrast to the expression of

significant i-LTD after PP-LFS, only three out of ten cells showed IPSC

decreases after DHPG by more than 20% (indicated by a box, Fig. 13F).

There was no correlation between the magnitudes of i-LTD and E-S

potentiation (Fig. 13F) or Vy, changes (Fig. 13G: number indicates 3 cells

that show significant i-LTD in Fig. 13F), suggesting that the increased

excitability underlying E-S potentiation during e-LTDpppg is not mediated

by disinhibition (Fig. 13F). The Vy, showed variable responses with no

significant change in the mean value for Vy, after DHPG (Control, —41.0 £

0.6 mV; pDHPG, —41.5 £ 2.0 mV; n = 11, p = 0.4), but the Vy, changes of

individual cells correlated with E-S coupling changes after DHPG (Fig. 13G).

A correlation between E-S coupling changes and R;, changes was not

observed (Fig. 13H). These results suggest that the E-S coupling changes

after DHPG involve an intrinsic plasticity mechanism that regulates Vy,.

Considering that V, hyperpolarization by antiGABARs (2.1 mV) was

smaller than that by PP-LFS (5.2 mV), intrinsic plasticity mechanisms may
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also be involved in PP-LFS effects.

13. No evidence for the involvement of I, inhibition in
the increased excitability during mGluR-dependent
LTD

Increased excitability due to In downregulation during mGluR-dependent

LTD was reported previously (Brager and Johnston, 2007). To investigate

the involvement of I inhibition in the increased excitability during e-LTDpp.

Lrs, €xcitability parameter changes induced by [ blockade using ZD7288 (20

uM) were analyzed and compared them with changes induced by PP-LFS. |

confirmed that three typical features for I, inhibition (Biel et al., 2009;

Maccaferri et al., 1993)—RMP hyperpolarization (Control, -58.8mV = 0.8

mV; +ZD7288, —67.5+ 1.7 mV; n=9, p = 0.0003), R;, increase (Control,

131.3 £11.1 MQ; +ZD7288, 250.0 £ 34.6 MQ; n= 5, p = 0.01), and sagging

amplitude decrease (Fig. 14A)—were well observed in the presence of

7ZD7288, while PP-LFS did not significantly affect RMP or sagging (Fig.
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14B). Increased R;, due to I, inhibition is expected to increase EPSP decay

time and temporal summation (Brager and Johnston, 2007; Magee, 1999),

but the summation ratio for EPSPs in response to 50 Hz burst synaptic

stimulation was not affected by ZD7288 (Control, 2.73 £ 0.3; +ZD7288,

2.80£0.3; n=06, p=0.8) (Fig. 14C). As a result, the I-O relationship

obtained from APs evoked by synaptic stimulation was shifted rightward by

ZD7288 (Slsp, 1.65 £0.1, n=5, p=0.01) (Fig. 14D) with no significant

changes in Vy, (Control, —=38.0 + 1.4 mV; +ZD7288, =36.0 £ 1.9 mV; n =15,

p =0.09) (Fig. 14E). These results showed that I inhibition effects on

intrinsic excitability and E-S coupling are quite different from PP-LFS

effects. I also analyzed excitability changes during e-LTDpypg and found no

significant changes in RMP (Control, -59.5 = 0.4 mV; pDHPG, -61.0 = 0.9

mV; n= 14, p=0.1), R;, (Control, 159.0 + 3.8 MQ; pDHPG, 173.9 £8.5

MQ; n= 10, p=0.2), or sagging, which is also very different from I,

inhibition effects. The effects of ZD7288 on intrinsic excitability were

further investigated by analyzing AP firing in response to somatic
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depolarization. The number of spikes induced by somatic depolarization was
reduced by ZD7288 (100 pA injection; Control, 4.4 + 1.3; +ZD7288, 2.9 +
1.1,n=28, p=0.01), but the reduction was reversed when the hyperpolarized
RMP was corrected by current injection (+Z2D7288 (RMP corrected), 8.3 +
1.7,n= 28, p=0.05) (Fig. 14F), suggesting that the increased excitability due
to Ry, increase was masked by RMP hyperpolarization effects. Importantly,
Vi was not affected by ZD7288 (Control, —38.6 £ 0.6 mV; +ZD7288, —36.6
+2.5mV,n=35, p=0.4) or changing RMP (+ZD7288 (RMP corrected),
—36.4+2.6 mV,n=15, p=0.3) (Fig. 14G), suggesting that Vy,
hyperpolarization, which is the most important mechanism for E-S

potentiation during e-LTD, is not attributable to I, inhibition.

14. PP-LFS-induced leftward shift in I-O relationship at
perforant pathway-CA1l synapse is independent of i-
LTD

It is well known that CA1 pyramidal neurons receive two major excitatory
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inputs, one from hippocampal CA3 and another from entorhinal cortex

which is named as perforant pathway. It has been demonstrated perforant

pathway-CAl synapses also express LTD by LFS (Xu et al., 2010). I asked

whether E-S potentiation or depression is associated with LTD at perforant

pathway-CAl synapses and if so plasticity i-LTD plays a role. While LTD

was expressed by PP-LFS at perforant pathway-CAl synapses, the

magnitude was lower than SC-CA1 LTD (72.9 + 13.1 % of baseline at 25

min to 30 min after PP-LFS, n =7, Fig. 15A), which is consistent with the

previous study (Xu et al., 2010). Next, I checked changes in [-O

relationships at perforant pathway-CA1 synapse. As changes observed at

SC-CAL synapse, leftward shift of I-O relationship (pPP-LFS (PP), S5, =

0.77 £0.08; n=5; p < 0.05) (Fig. 15B and 15D) and Vy, hyperpolariation

(Vy,_ramp : Control, -38.9 £ 1.4 mV; pPP-LFS (PP), -45.2+ 1.8 mV; n=15;

p <0.05; Vy_PP : Control, -40.1 + 1.2 mV; pPP-LFS (PP), -46.4 = 1.7 mV;

n=15; p <0.05) were equally expressed at perforant pathway-CAl synapse

(Fig. 15E, 15G, 15H, and 15J). However, R; (Control, 145.4 +20.7 MCQ;
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pPP-LFS (PP), 153.7 £21.4 MQ); n=5; p > 0.05) and sagging were not

significantly changed by PP-LFS. To examine whether PP-LFS induced

leftward shift in I-O relationship at distal dendrites of CA1 neuron is

mediated by disinhibition, I performed same protocols in the presence of

antiGABARs. Although LTD was still expressed during blocking inhibitory

inputs (82.6 + 2.4 % of baseline at 25 min to 30min after PP-LFS, n = 6)

(Fig. 15A), unlike stimulating SC, Vy, (Vy,_ramp : Control, -41.5 £ 1.1 mV;

pPP-LFS, -46.1 £ 1.9 mV; n=5; p <0.05; Vy_PP : Control, -41.8 +£ 0.8 mV;

pPP-LFS, -45.0 £ 0.5 mV; n=5; p <0.05) (Figs. 15F, 15G, 15I and 15J) and

I-O relationships (pPP-LFS (PP), SI5o = 0.85 + 0.05; n = 6; p <0.05) (Figs.

15C and 15D) were still significantly changed while inhibitory inputs were

blocked at perforant pathway-CA1 synapses. Together, these results indicate

that PP-LFS-induced disinhibition is limited to SC-CA1 synapse, not

perforant pathway-CAl synapses.
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DISCUSSION

This study demonstrates that the importance of AMPA receptor-initiated Ca®"
influx via L-type Ca>" channels in PLC activation by mGIuRS in
hippocampal neurons. I also confirmed that hippocampal mGluR-LTD,
induced by the stimulation of SC fibers, is dependent on PLC. This study
proposes that glutamate activates both AMPA and mGluRs, and their
downstream events interact with each other to ensure reliable PLC activation
in physiological conditions. I further demonstrated that the sustained and
stable activation of mGluRS5 by SC fibers stimulation induces not only
mGluR-dependent e-LTD, but also i-LTD resulting in an E-S potentiation in
CA1 pyramidal neurons. This opposite expression of synaptic and E-S
coupling plasticity leads to increased neuronal output, implying that E-S
coupling alteration is not just a complementary mechanism to synaptic
plasticity but can play a dominant role in regulating the I-O relationship. Fig.
16 summarizes the data for alterations of synaptic weights, E-S coupling,

and I-O relationship, demonstrating that I-O relationship alterations,
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referred to as I-O plasticity, during mGIluR-LTD can be understood by the

integration of changes in synaptic and E-S coupling components.

1. Local Caz+-dependence of mGluR5-mediated PLC
activation

Ca”" dependence of PLC activation by group I mGluRs and muscarinic
receptors was previously reported (Hashimotodani et al., 2005; Maejima et
al., 2005; Masgrau et al., 2000; Masgrau et al., 2001). In cerebellar granule
cells, activation of PLC by glutamate, which is mediated by mGIuR 1, was
dependent on the external Ca®" (Masgrau et al., 2001), whereas muscarinic
receptor-mediated activation of PLC was modulated by changes in the
loading state of intracellular Ca* store (Masgrau et al., 2000). These results
suggest that the Ca®" source facilitating PLC activation is specific to each
receptor. Notably, these results are consistent with the idea that receptor-
mediated PLC activation is regulated by local Ca*". However, the specific

Ca’" source to induce local Ca®" increase remained unclear. In the present
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study, the involvement of Ca®" stores was excluded in glutamate-induced
PLC activation by showing that thapsigargin affected neither glutamate-
induced [Ca’"]; increase nor PH3-GFP translocation (Fig. 2). From the
effects of Ca® removal, I confirmed the role of Ca*" influx in glutamate-
induced [Ca®"]; increase and PLC activation, and investigated the
involvement of specific Ca®” influx pathways. Both L-type and T-type Ca*"
currents contribute similarly to glutamate-induced Ca®" influx (Fig. 3),
which is consistent with previous studies showing abundant expression of L-
type (Ca,1.2 and Ca,1.3) and T-type (Ca,3.1, Ca,3.2 and Ca,3.3) Ca**
channels in the soma and proximal dendrites of hippocampal neurons (Leitch
et al., 2009; McKay et al., 2006), whereas only L-type Ca’" channels
contribute to PLC activation (Fig. 3, 4). The discrepancy between the
contribution of each Ca®* channel to global Ca® and its contribution to PLC
activation supports the local Ca**-dependence of mGluR 5-mediated PLC
activation in hippocampal neurons. In addition, BAPTA is more effective

than EGTA at inhibiting mGIluR-mediated PLC activation (Fig. 5), which
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confirms the nanodomain coupling between L-type Ca®" channels and Ca*
sensors involved in PLC activation. It needs to be noted that both glutamate-
induced Ca”" increases and PH3-GHP translocation were abolished
completely in Ca**-free, but the inhibition of L-type Ca®" channels did not
induce complete abolishment. These results suggest the presence of another
Ca’" entry pathway that couples to PLC activation, but I could not identify
the nature of this pathway in the present study.

Among members of L-type Ca®" channel subfamily (Ca,1.1 to Ca,1.4),
Ca,1.2 and Ca,1.3 channels are expressed in neurons. They are often present
in the same cell, but accumulating evidence shows that they play differential
roles (Berger and Bartsch, 2014). Since there are no pharmacological drugs
that are selective for either Ca,1.2 or Ca,1.3 isoform, sh-RNA for each
isoform was used to investigate whether the specific L-type Ca>" channel
subunits provide local Ca®* for PLC activation by mGluR5 (Fig. 5).
Inhibitition of Ca®" response by shCa, 1.2 was large (63% reduction) and

significant, while the effect of shCa,1.3 was insignificant. The effect of
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knockdown of both subunits is not different from the effect of shCa,1.2
alone, suggesting that Ca,1.2 is the major isoform that mediates L-type Ca*"
currents. Furthermore, inhibition of PHO-GFP translocation by shCa,1.2 (73%
reduction) was comparable to its effect on Ca>" response, supporting the idea
that close coupling between Ca, 1.2 and PLC underlies the observed Ca*'-
dependence of glutamate-induced PLC activation. A recent study showing
that mGIuRS physically interacts with Ca,1.2 subunits in hippocampal
neurons (Kato et al., 2012) is consistent with this idea. It was surprising,
however, to find that shCa, 1.3, which showed little effect on Ca** response,
significantly inhibited glutamate-induced PHS-GFP translocation (55%
reduction), suggesting a significant role of Ca,1.3 in PLC activation.
However, the effect of shCa,1.3 on PH3-GFP translocation was not additive
to the effect of shCa,1.2 in double knockdown experiments. These results
may suggest that Ca,1.3 is involved in glutamate-induced PLC activation,
but not as a Ca>" source. I do not have a clue for the molecular mechanism

for Ca**-independent mechanism of Ca,1.3, but such possibility needs to be
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elucidated in future studies. I could not entirely exclude some off-target

effects of shCa,1.3.

2. Reduced tonic GABA currents, the main mechanism
for E-S potentiation by PP-LFS at SC-CA1 synapses
The increase in intrinsic excitability during e-LTD has been demonstrated
previously (Brager and Johnston, 2007; Campanac et al., 2008; Gasselin et
al., 2017). Increases in AP firing during e-LTD were associated with Ry,
increases (Brager and Johnston, 2007), and R;, changes correlated closely
with the magnitude of LTD (Gasselin et al., 2017). The increase in EPSP
decay time caused by R;, increases was suggested to cause an increase in
EPSP summation (Brager and Johnston, 2007). Based on these reports, the
R;, increase is considered as an indication of an increase in intrinsic
excitability during e-LTD, but direct experiments to show whether it
contributes to E-S potentiation have not been conducted. In fact, increases in

EPSP summation were observed at frequencies lower than 20 Hz (Brager
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and Johnston, 2007), but I used burst synaptic stimulation at 50 Hz to evoke

APs with mild stimulation. Under this condition, the temporal summation of

EPSPs was not affected by PP-LFS (Fig. 7B), suggesting that the R;,

increase may not contribute to E-S potentiation. I searched for another

mechanism underlying E-S potentiation changes during e-LTD and found

that it has a strong correlation with Vy, hyperpolarization (Figs. 7 and 9).

I demonstrate that antiGABARSs mimic and occlude PP-LFS effects on E-

S potentiation and Vi, without significant effects on Ry, (Figs. 9 and 10),

supporting the idea that disinhibition is responsible for Vy, hyperpolarization

and serves as a key mechanism underlying E-S potentiation during e-LTDpp.

Lrs, While R;, increases play a minor role in our experimental condition.

However, this study does not exclude the possible contribution of intrinsic

plasticity to E-S potentiation during e-LTDpp_1rs. The E-S potentiation and

Vi hyperpolarization induced by antiGABARs were, in fact, smaller than

those induced by PP-LFS (ESso, 75% after PP-LFS vs. 84% after

antiGABARs; Vy, hyperpolarization, 5.2 mV after PP-LFS vs. 2.1 mV after
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antiGABARs). Furthermore, E-S potentiation associated with Vy,

hyperpolarization also occurred during e-LTDpypg where i-LTD was

insignificant (Fig. 13), though the magnitude was smaller than that during e-

LTDpp.rrs. These results may suggest that intrinsic excitability changes

independent of the GABAergic mechanism also contribute to E-S

potentiation during e-LTD.

I, inhibition is well-known as a mechanism for an increased intrinsic

excitability (Brager and Johnston, 2007; Gasselin et al., 2017). Increased R,

by ZD7288 is accompanied by a huge RMP hyperpolarization (Fig. 14),

while increased R;, during e-LTDpp_; s is not accompanied by RMP changes.

Furthermore, sagging, a manifestation of I activation, was not significantly

affected by PP-LFS (Fig. 14B). These differences between I}, inhibition

effects and PP-LFS effects suggest that I, inhibition may not contribute

significantly to intrinsic excitability changes. In the present study, I could not

identify ion channels that cause increased excitability, but the results suggest

that changes in ion channel activity leading to Vy, hyperpolarization are most
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likely to contribute to increased excitability.

The main source of ambient GABA responsible for tonic inhibitory

currents in the hippocampus is the vesicular release responsible for phasic

inhibition (Glykys and Mody, 2007). The contribution of reduced tonic

inhibition to tetanus-induced E-S potentiation was suggested previously

(Chavez-Noriega et al., 1990), but the relative contribution of phasic and

tonic inhibition has not been investigated. I found that PP-LFS-induced Vy,

hyperpolarization to synaptic stimulation (Fig. 13F) is similar to direct

somatic activation (Fig. 16B) and that both changes are occluded by

antiGABARs (Figs. 15J and 16D). These results suggest that the reduction of

tonic inhibitory currents is mainly responsible for Vi, hyperpolarization and

E-S potentiation during e-LTDpp_ys.

It is generally understood that the mechanism causing excitability

increases via disinhibition is a reduction in shunting effects, which is

expected to increase R;, and EPSP amplitude. However, when I calculated
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from our experimental results the contribution of tonic GABA conductance

to resting conductance (-39 pA at -120 mV with E¢ = -66 mV), it was only

about 8% (0.7 nS out of 9 nS). In fact, significant changes in R;, and EPSP

amplitude were not found by antiGABARs, but the mean value for Ry,

increased by 5.5% (from 111 MQ to 117 MQ), which is not greatly different

from the value expected from a conductance change by a reduction in tonic

GABA currents. Despite a minor effect of tonic GABA currents on the whole

cell conductance, tonic GABA currents have a great influence on AP output

by hyperpolarizing V,. One possible explanation for these findings is that

the shunting effect of tonic GABA currents is not global but specifically

coupled to Na* channels. This needs to be investigated in future studies.

It was reported that tonic inhibitory currents in the CAl area are mostly

mediated by GABA, receptors (Glykys and Mody, 2006, 2007; Stell and

Mody, 2002). However, applying GABA, or GABAg receptors antagonists

individually did neither significantly affect V, and E-S potentiation nor

occlude PP-LFS effects, suggesting that not only GABA4 receptors but also
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GABAGg receptors underlie the tonic inhibition. GABAg receptor-mediated

tonic inhibition was reported in locus coeruleus neurons, playing a role in the

regulation of spontaneous activity (Wang et al., 2015). An enhancement of

GABA, receptor function by postsynaptic GABAg receptors was reported in

dentate gyrus granule cells (Ransom et al., 2013) and thalamocortical

neurons (Connelly et al., 2013). The roles for GABAg receptors in the tonic

inhibition in CA1 neurons remain to be investigated.

CAl neurons also receive a direct sensory input from entorhinal cortex

layer III neurons through perforant pathway. Unlike SC-CA1 syanseps, i

provide the evidence that the Vy, hyperpolarization and leftward shift in I-O

relationship during PP-LFS induced LTD in perforant pathway-CAl

synapses was not dependent on inhibitory inputs and this results indicate that

there is a possibility of an another mechanism for regulating I-O relationship

at this synapse. This study highlights the mechanisms underlying the

activity-dependent regulation of the I-O relationship that specific to SC-CA1

syanpses, which may play an important role in information processing in the
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hippocampus.

3. Difference in signaling mechanism underlying e-
LTDpp.Lrs and e-LTDpupc

It is well-established that mGIluR-LTD in the cerebellum is dependent on
PLC activation (Kano et al., 2008). Cerebellar mGIuR-LTD requires both
parallel fiber stimulation and the depolarization of Purkinje cell
(postsynaptic) membranes (Kano et al., 2008). Likewise, when hippocampal
e-LTDpp.Lrs was induced (i.e. when released glutamate depolarizes the
postsynaptic membrane via AMPA receptors), mGluR-LTD consistently
required postsynaptic Ca”" (either Ca>" mobilization or Ca*" influx), PKC,
and PLC (Bolshakov and Siegelbaum, 1994; Holbro et al., 2009; Lee et al.,
2005; Oliet et al., 1997; Otani and Connor, 1998; Reyes-Harde and Stanton,
1998). In contrast, e-LTDpppg was found to be independent of postsynaptic
Ca®", PKC, and PLC (Fitzjohn et al., 2001; Mockett et al., 2011; Schnabel et

al., 1999). Furthermore, considering that PLC is required for the DAG
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generation, which is a prerequisite to generating endocannabinoids such as

2-AG that is crucial for presynaptic expressing CB;R and subsequent protein

synthesis-dependent i-LTD (Castillo, 2012; Edwards et al., 2008; Heifets and

Castillo, 2009; Younts et al., 2016), the failure of i-LTD induction by DHPG

1s consistent with that mGluRs activation alone is insufficient to activate

PLC (Figs. 13 and 16). Therefore, I suggest that mGluR-LTD in

physiological conditions requires PLC while chemical LTD (LTDpypg) may

bypass PLC activation and use alternative signaling pathways that resulting

different impacts on I-O relationship.
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Figure 1. Glutamate, but not DHPG, induces translocation of PHo-GFP

AF, | AF

via the mGluRS-PLC pathways. (Aa) Dissociated hippocampal neurons in
primary culture (single cell culture) transfected with PHS-GFP showed
prominent green fluorescence signals in plasma membrane versus cytosol

(“Control” panels). DHPG (“DHPG” panel) and glutamate (“Glu” panel) was
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applied to bath to see if they induce PHS-GFP translocation. Line profiles of
fluorescence intensity (insets) were obtained across the white lines. (Ab)
Similar series of experiments were performed with hippocampal neurons in
organotypic slice culture transfected with PHS-GFP. (Ac) Summary data
showing the relative amplitudes of DHPG- and glutamate-induced PH3-GFP
translocation (AF/F;) in single cell and slice culture conditions. (Ba)
Glutamate-induced PHJ-GFP translocation (AF/F,) was measured in ROIs of
somatic cytosol (white) and multiple regions of dendritic cytosol (red, blue
and orange). (Bb) Time courses of AF/F, measured in designated ROIs. (Bc)
Bar graphs summarize the amplitudes of DHPG- or glutamate-induced PH6-
GFP translocation in soma and dendrites. (C) Consecutive applications of 30
uM glutamate in control and in the presence of U73122. Images of PH3-GFP
transfected neurons (left panels) and time courses of AF/F, measured in
designated ROIs (right panels). (D) Effect of specific blockers for mGIuRS or
mGluR1 on PH3-GFP translocation. (E) Bar graphs summarize AF,/AF, in the
presence of TTX and other experimental conditions described in (C) and (D).
n.s p > 0.05; ** p < 0.01. Scale bar = 10 um in all panels where indicated.

Error bars represent SEM.
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Figure 2. Ca*" influx triggered by AMPA receptor activation facilitates

glutamate-induced PHo-GFP translocation. (Aa) Images demonstrate

glutamate-induced translocation of PH3-GFP in the presence of CNQX

(AMPA receptor blocker) and APV (NMDA receptor blocker). (Ab)

Glutamate-induced [Ca®']; in the presence of CNQX and APV. Error bars are
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shown in light colors. (Ac) Bar graphs summarize mean AF,/AF; (black) and
[Ca%]c,luz/ [Ca%]c,lul (red). (Ba) Images demonstrate glutamate-induced
translocation of PH3-GFP in Ca®" free solutions or in the presence of
thapsigargin (a SERCA blocker). (Bb) Glutamate-induced [Ca*];in
experimental conditions described in (Ba). (Bc) Bar graphs summarize mean
AF,/AF; (black) and [Ca>|gro/[Ca* [t (red). (Ca) Images of PH5-GFP
translocation induced by 50 mM KCI only or 50 mM KCI plus DHPG (upper
panels) and time courses of AF/F, measured in designated ROIs (lower
panel). (Cb) Plot of [Ca*"]; versus different concentrations of KCI. Gray
circles represent individual data. (Cc) AF/F, values are summarized in bar
graph in experimental conditions described in (Ca).** p < 0.01. Scale bar =

10 pm in all panels where indicated. Error bars represent SEM.
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Figure 3. L-type Ca’" channels provide Ca’* for glutamate-induced PHS-

GFP translocation. (A-D) Averages of glutamate-induced [Ca®"]; (red) and

relative AF (black) are plotted against time for two successive applications of

glutamate (first applications are glutamate only, and second applications are

glutamate plus L-, T-, N/P/Q-type Ca>

channel blockers, or Ca*"-permeable

AMPA receptor blocker). The time intervals of first and second glutamate

applications are actual values (20 min) for AF, but for [Ca*"]; measurements

the time intervals were 4 min, as described in Fig. 2Ab: they were

superimposed for comparison of time dependent event. The insets show

representative images of PH3-GFP translocation at indicated time points (a-d).

Scale bar =
78

10 um. (E) Bar graphs summarize mean AF,/AF; (black) and
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[Ca’leuo/[Ca’ g (red). (F) AFy/AF, values are plotted versus
[Ca*|ua/[Ca* G values. Dashed line indicates linear relationship. ** p <

0.01; * p <0.05. Error bars represent SEM.
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Figure 4. BAPTA, but not EGTA, inhibits glutamate-induced PHo-GFP

translocation. (A-B) Averages of glutamate-induced AF/F, are plotted
against time with BAPTA-AM (A) or EGTA-AM (B) loadings prior to
second glutamate applications. The insets show representative images of
PHOG-GFP translocation at indicated time points (a-d). Scale bar = 10 um. (C)

Bar graphs summarize mean AF,/AF, in experimental conditions described in
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(A) and (B). n.s p > 0.05; ** p < 0.01; * p < 0.05. Error bars represent SEM.

81
B kit



Aa o
A\ A
kDa C,av\‘?"ﬁ 0™ Gy
43
34
\ 3
A D o o
-_- caN \‘ﬂ c© S“Oa‘l
130 ==
43
anti-GAPDH
34
Ba
NT control
Glu
03
L]
=02
=
% 0.1
o,
0.0
Time (min)
Bc
shCay1.3
Glu -
03 06 —_ a b
o =
=02 No. =
B u
5 014 o
3 5
0.0
Ca »
; - .
g
0.3
=
-,
= 02
8
o I
0.0 -
L T
<53°k cﬁ";\‘ o'b:‘\. 07’%":‘\
& ES ESE

Ab

AF [ F,

co\ 2
kDa oo™ et
240 anti-Cay1.2

43
34

anti-GAPDH

[

3
or\“° i
x ‘“ﬂ o x 5“(‘,3

anti-GAPDH

shCay1.2
Glu

Time (min)

shCay1.2 + shCay1.3

%

re—
0.8 9
8 (o]
0.6 o
(o]
04 o
(o] o
n Ha
0.0
T (} T q, T IS T B 1
&S N N* N NS
()0 0@\\ 0@4 O,bs\opbd
N £ EXS

Figure S. Both Ca,1.2 and Ca,1.3 contribute to glutamate-induced PH6-
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Ca,1.3 in HEK 293 cells transfected alone or with non-targeting control (NT
control), Ca,1.2 shRNA (shCa,1.2) or Ca,1.3 shRNA (shCa,1.3). (Ab)
Western blotting of primary cultured hippocampal neurons transfected with
NT control, shCa,1.2 or shCa,1.3. GAPDH served as a loading control. (Ba-

**]; and AF/F, are plotted against time

Bd) Average of glutamate-induced [Ca
in cells transfected with either NT control, shCa,1.2, shCa,1.3 alone or
shCa,1.2 and shCa,1.3 together. The insets show representative images of
PHG-GFP translocation at indicated time points (a and b). Scale bar = 10 um.

(C) Bar graph summarizes [Ca”"];(Ca) or AF/F, (Cb) for each group. n.s p >

0.05; ** p <0.01. Error bars represent SEM.
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Figure 6. PLC is involved in mGluR-LTD induced by paired-pulse low
frequency synaptic stimulation (LTDpp.Lrs), but not in mGluR-LTD
induced by DHPG (LTDpgpc). EPSC amplitudes were normalized to the
pre-DHPG or PP-LFS baseline values and were averaged. (A) DHPG
application induced a persistent depression of EPSC amplitude (black). Pre-

incubation of slices in U73122 did not affect the magnitude of LTDpypg (red).
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The inset shows representative EPSCs during the baseline period (dark) and

40 min after (light) DHPG application in each condition. (B) PP-LFS

induced a similar magnitude of LTD compared to LTDpgpg (black). LTDpp.

Lrs Was significantly blocked by U73122 (red). (C) Pharmacological

blockade of mGIuRS by MPEP almost completely blocked LTDpp_y g5 (red).

(D) LTDpp.rs was blocked by nimodipine (red). Insets (B-D) represent

EPSCs during the baseline period (dark) and 35 min after (light) PP-LFS in

each condition. (Ea) Representative EPSCs elicited by paired-pulse

stimulation (50 ms interval) during baseline (black, left panels) and after

DHPG application or PP-LFS (gray, middle panels). Superimposed traces are

shown in right panels. Scale bar = 50 msec (horizontal) and 100 pA (vertical).

(Eb) Bar graphs summarize PPR changes in each group. n.s p > 0.05. Error

bars represent SEM.
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Figure 7. Induction of E-S potentiation during e-LTDpp.Lrs at SC-CA1
synapses. (A) Graph illustrating the timeline for the experiment. EPSC
recordings at voltage clamping mode and intrinsic parameters and E-S
couling recordings at current clampling mode were done before PP-LFS
induction (Control) and 30min after PP-LFS (pPP-LFS). (B) Example traces

of summated EPSPs by 5S0Hz SC stimulation are shown on the top. Traces
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scaled to 1% EPSP peak are superimposed and shown on the bottom. Bar

graphs summarizes no significant change in EPSP summation ratio by PP-

LFS. (C) Ratio of first EPSC change (EPSCpp_1 rs/EPSCcontror) 1S plotted

against EPSP change (EPSPpp. rs/EPSPconol). Fitted line of data is presented

with solid line (black) and a linear correlation is observed (r = 0.62). Gray

dashed line indicates linear relationship between EPSP and EPSC changes.

(D) Presence of MPEP throughout the experiment prevented the induction of

eLTDpp.1rs. (E) Raw voltage traces as a result of ten trials of SC stimulation

(27 V, 5 stimuli, 50 Hz, 2s interval) before (Control) and 30 min after PP-

LFS (pPP-LES) are shown. After PP-LFS induction, the summated EPSP

triggered firing in all trials. (F) Graph showing distribution of firing

probability as a function of stimulus voltage before (Control) and 30 min

after PP-LFS (pPP-LFS). Firing probability was obtained from 10 trials at

each stimulus intensity. Bar graphs show Sl is significantly decreased after

PP-LFS, but no significant change occurred in the presence of MPEP. (G)

Plot of firing probability as a function of first EPSP slope before (Control)
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and 30 min after PP-LFS (pPP-LFS) is shown. Summary data showing

significant decrease of ESsj after PP-LFS. Sigmoid fitted lines from (F) and

(G) are shown with light colors. Filled circles from (F) and (G) indicate

where the Slsq and the ESs, are acquired, respectively. (H) Left, indicated

traces marked with (a) and (b) shown at (E) are superimposed and enlarged,

showing hyperpolarized Vy, of APs after PP-LFS. Middle, phase-plane plots

of dV/dt versus membrane potential of first AP induced by SC stimulation

are shown. Right, bar graphs showing significant Vy, hyperpolarization that

AP induced by SC stimulation (Vy, SC). *, p <0.05, **, p<0.01, n.s., p>

0.05. Error bars indicate SEM.
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Figure 8. PP-LFS-induced i-LTD is mediated by mGluR/eCB signaling.
(A) Graph showing PP-LFS at SC fibers induced LTD of IPSC magnitude.

Bar graphs showing PPR of IPSC is significantly increased after PP-LFS. (B)
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PP-LFS-induced i-LTD is not expressed in the presence of MPEP. The PPR

of IPSC is not increased after PP-LFS. (C) Graph showing that the PP-LFS-

induced i-LTD is significantly blocked by inhibiting CB;Rs. The PPR of

IPSC in the presence of AM251 remains unchanged after PP-LFS. Insets

from (A) to (C), representative IPSC traces before PP-LFS (a, black) and

25-30 min after PP-LFS (b, red) are shown on the top. *, p <0.05, n.s., p >

0.05. Error bars indicate SEM.
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Figure 9. GABA receptor blockers mimic and occlude E-S potentiation
associated with Vg, hyperpolarization during e-LTDpp.rs. (A) Example
traces of the voltage responses to 10 trials of suprathreshold SC stimulation
obtained before (Control) and after GABARs antagonists application

(+antiGABARs) are shown. Inset shows superimposed voltage traces
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indicating hyperpolarized Vy. (B) Graph showing distribution of firing

probability as a function of stimulus voltage before (Control) and after

antiGABARs application (+antiGABARs). Bar graph summarizes

significant decrease of SIso by GABARs blockade. (C) No significant change

is detected in the ratio of the first EPSP slope to stimulus intensity after the

antiGABARs application. (D) Plot of firing probability as a function of first

EPSP slope is shown. Bar graphs summarize a significant decrease in ESs

by GABARs inhibition. (E) Summary data showing significant Vi,

hyperpolarization that APs induced by SC stimulation (Vy,_SC). (F) The e-

LTDpp.irs is still induced in the presence of antiGABARs. Inset, EPSC traces

obtained before (a) and 25-30 min after PP-LFS (b) are shown. (G) Voltage

responses to 10 trials of suprathreshold SC stimulation before

(+antiGABARs) and after PP-LFS (pPP-LFS) in the presence of

antiGABARs during entire recordings are shown. Inset indicating no

significant change in Vy,. (H) Distribution of firing probability as a function

of stimulus voltage before (+antiGABARs) and after PP-LFS (pPP-LFS) in
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the presence antiGABARs is shown. Right, bar graphs summarize significant
increase in Slso. (I) No significant change is detected in AP probability
versus 1% EPSP slope. Bar graphs summarize no significant change in ESsy.
(J) Vu, shift by PP-LFS is occluded in the presence of antiGABARs. *, p <

0.05, ** p <0.01, n.s., p > 0.05. Error bars indicate SEM.
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e-LTDypp.1rs is dependent on GABAergic

mechanisms. (A) Left, representative traces showing the voltage responses

to a -25pA square current injection. Traces obtained in condition before

(Control) and after antiGABARs application (+antiGABARs); before
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(Control) and 30min after PP-LFS (pPP-LFS); before (+antiGABARs) and

after PP-LFS (pPP-LFS) in the presence of antiGABARs during the entire

recordings are superimposed (Vyaseiine: baseline of voltage deflection; Viasetine:

maximum point of voltage deflection). Right, summary bar graphs of the Ry,

profile obtained under described conditions. (B) Representative voltage

responses to a ramp (250 pA/1 s) current injection to soma before (Control)

and 30 min after PP-LFS (pPP-LFS) are shown. Inset shows superimposed

traces of significant Vy, hyperpolarization of first AP. Bar graphs summarize

significant Vy, hyperpolarization (Vy,_ramp) and increase in number of AP

(AP #). Presence of MPEP throughout the experiment prevented the changes

in Vy, and number of AP. (C) The same ramp protocol is performed before

(Control) and after perfusion of antiGABARs (+antiGABARs). (D) The

same ramp protocol is performed in the presence of antiGABARs

(+antiGABARs) and compared with the subsequent PP-LFS induction (pPP-

LFS). *, p <0.05, **, p <0.01, n.s., p > 0.05. Error bars indicate SEM.
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Figure 11. PP-LFS inhibits tonic GABA currents
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. (A) Graph showing

recorded currents at —60 mV (Lgomy, gray) or —120 mV (Liz0my, black)

holding. Consistent reduction of currents by antiGABARs perfusion

(+antiGABARs) is well detected at =120 mV holding. (B) Igapars Was no

longer detected after pPP-LFS induction (pPP-LFS). (C) L5y is reduced by

TTX perfusion (+TTX) and is not further reduced by subsequent

antiGABARs treatment (+antiGABARS). (D) L omv is slightly increased by

NNC-711 perfusion (+NNC-711) and reduced by subsequent antiGABARs

treatment (+antiGABARSs). (E) Bar graphs summarize Igapars in conditions

described from (A) to (D). *, p <0.05, **, p <0.01. Error bars indicate SEM.
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Figure 12. PP-LFS-induced reduction of tonic inhibition is mediated by

eCB/CB4R activation. (A) Graph showing that Igagars is detected at —120

mV holding in the presence of AM251 (+AM251) during entire recordings.

(B) In the presence of AM251 (+AM251), Igapars 1s still detected at —120

mV holding after PP-LFS (pPP-LFS). (C) Bar graph summarizes measured

IgaBars Without PP-LFS (no PP-LFS) or after PP-LFS induction (pPP-LFS)

in the presence of AM251. (D) Ramp current induced voltage traces with

CB)Rs blocking (+AM251) and 30 min after PP-LFS (pPP-LFS) are shown.

Summarized data showing no significant change in Vy_ramp. (E)

Suprathreshold SC stimulation induced voltage traces before (+AM251) and
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30 min after PP-LFS (pPP-LFS) with AM251 perfusion. Bar graphs showing

no significant change in Vy,_SC. Insets, superimposed and expanded traces

from the boxed area are shown. Arrows indicate no significant change of Vy,.

n.s, p > 0.05. Error bars indicate SEM.
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Figure 13. DHPG induce e-LTD with weak E-S potentiation, but no

significant i-LTD. (A) Ratio of first EPSP change (EPSPpupc/EPSPcontrol) 18

plotted against first EPSC change (EPSPpupo/EPSPcontol). Fitted line of data

is presented with solid line (black) and a linear correlation is observed (r =

0.89). Representative traces of EPSPs during the base line period (0—5 min)

(Control, black) and 25-30 min after DHPG application (pDHPG, light blue)

are shown on the right. (B) Representative voltage traces by suprathreshold

SC stimulation before (Control) and after DHPG application (pDHPG) are
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shown. Insets show DHPG-induced variable results in depolarization (left)

or hyperpolarization (right) of V. (C) Bar graphs summarize no significant

changes in Slsy. Graph shows strong linear relationship between 1-Sls, and

EPSP weight (r = 0.89). (D) Distribution of firing probability as a function of

EPSP slope before (Control) and 30 min after DHPG application (pDHPG)

is shown. Sigmoid fitted line is shown with light colors. Bar graphs

summarize significant decrease in ESsy. (E) Time course and magnitude of i-

LTD by DHPG application are shown. Inset, representative IPSC traces

obtained before (a) and 25-30 min after DHPG application (b) are shown. (F)

No correlation is detected between 1-ESsy and IPSC weight (r = —0.13).

Samples that show IPSC decreases more than 20% after DHPG are

numbered and indicated with box. (G) Graph showing a linear correlation

between 1-ESsy and AVy, SC (r = —0.47). Numbers indicate 3 cells that

show significant i-LTD in Fig. 7F. (H) No correlation is detected between 1-

ESsp and ARj, (r = —0.18). Closed circles (light blue) and gray solid lines at

(©), (F), (G), and (H) indicate averaged number and fitted line of data,
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respectively. Error bars indicate SEM. *, p < 0.05, n.s., p > 0.05.
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Figure 14. Effects of ZD7288, I, blocker, on intrinsic excitability and E-S

coupling in CA1 neurons. (A) Left, voltage deflections in response to a

series of current steps (—200 to 0 pA, 25 pA increment) before (Control) and

after ZD7288 application (+ZD7288) are shown (V. maximum point of

voltage deflection; Vs steady state of voltage deflection). Voltage response

to —200 pA current injection in Control and the similar level of V,,x shown

at +ZD7288 are superimposed and shown on the bottom. Right, AV (V yx-
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V) is plotted against V,,.x before (Control) and after ZD7288 application

(+ZD7288). (B) Left, representative voltage deflections to current steps

before (Control) and 30 min after PP-LFS (pPP-LFS) are shown. Right, AV

(Vimax-Vss) versus Vi, in Control and after PP-LFS are plotted with black

and red colors, respectively. (C) Left, example traces of EPSP before

(Control) and after ZD7288 application (+ZD7288) by subthreshold synaptic

stimulation at 50Hz. Bar graphs summarize no significant changes in EPSP

summation ratio by ZD7288 application. (D) Left, plot of firing probability

as a function of stimulus intensity before (Control) and after ZD7288

application (+ZD7288) is shown. Middle, example traces of voltage changes

in response to a same intensity of synaptic stimulation. Note the decrease in

AP firing with the I, inhibition. Right, summary graphs of increased Sls, by

I, inhibition. (E) Bar graphs summarize no significant changes in Vi, SC in

the presence of ZD7288. (F) Left, representative voltage traces to current

step (100pA) before (Control), after ZD7288 application (+ZD7288) and

RMP corrected with current injection (+ZD7288 (RMP corrected)) are
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shown. Right, summary data showing significant decrease in AP firing in the

presence of ZD7288. There was an increase in AP firing by correcting RMP.

(G) Voltage responses to ramp current injection before (Control) and after

ZD7288 application (+ZD7288) are shown. Inset, traces at boxed area are

superimposed and shown on the bottom. Bar graphs summarize no

significant changes in Vy,_ramp. (F) *, p <0.05, **, p <0.01, n.s., p > 0.05.

Error bars indicate SEM.
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Figure 15. PP-LFS induced change in I-O relationship at perforant
pathway-CA1l synapses is independent on inhibitory input. (A) Graph

showing PP-LFS at perforant pathway induced long-term change in EPSC
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magnitude (Control, black). PP-LFS induced LTD is still expressed while

blocking GABARs at perforant pathway-CAl synapses (+antiGABARs,

blue). Representative EPSC traces indicated at (a) and (b) are superimposed

in an each conditions. Scale bar = 50 msec (horizontal) and 100 pA (vertical).

(B) Graph showing distribution of firing probability as function of stimulus

voltage before (Control, black) and 30 min after PP-LFS (pPP-LFS (PP),

blue). (C) Graph showing distribution of firing probability as function of

stimulus voltage before (+antiGABARs, black) and 30 min after PP-LFS

(pPP-LFS (PP), blue) while blocking GABARs. Sigmoid fitted lines are

shown as light color. (D) Bar graphs summarize significant change in Sls in

an each conditions. (E) Ramp current induced voltage traces before (left,

black) and 30 min after PP-LFS induction (right, blue) are superimposed. (F)

Ramp current induced voltage traces before (left, black) and 30 min after PP-

LFS induction (right, blue) in the presence of GABARs blockers are

superimposed. (G) Bar graphs showing significant hyperpolarization of

Vi,_ramp in an each conditions described in (E) and (F). (H) Supra-threshold
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perforant pathway stimulation (5 pulses, 50 Hz) induced voltage traces

before (left, black) and 30 min after PP-LFS (right, blue) are superimposed.

(I) Supra-threshold perforant pathway stimulation (5 pulses, 50 Hz) induced

voltage traces before (left, black) and 30 min after PP-LFS (right, blue) are

superimposed in the presence of GABARs blockers. (J) Bar graphs showing

significant hyperpolarization of Vy,_PP in an each conditions described in (H)

and (I). Insets from (E), (F), (H) and (I), traces at the boxed region are

superimposed and expanded. Arrows indicate significant changes of Vy,. n.s,

p>0.05, * p <0.05. Error bars indicate SEM.
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Figure 16. Understanding I-O plasticity during e-LTD by integration of

synaptic plasticity and E-S potentiation. (A) Summarized data of changes

in synaptic weight (left), E-S coupling (middle), and [-O change (right) in

each condition. (B) Illustration of mGluR5-dependent downstream signaling

mechanism induced by synaptic stimulation (upper panel) or DHPG

application (lower panel) in CA1 pyramidal neuron. Gq, Gq protein; L-
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VGCC, L-type voltage gated Ca®' channel; AMPAR, AMPA receptor; 1P,
inositol trisphosphate; IN, interneuron; PN, pyramidal neuron (C) Schematic
diagram of [-O plasticity. *, p <0.05, **, p <0.01, n.s., p > 0.05. Error bars

indicate SEM.
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