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Association of mGluR-Dependent LTD of Excitatory
Synapses with Endocannabinoid-Dependent LTD of
Inhibitory Synapses Leads to EPSP to Spike Potentiation in
CA1l Pyramidal Neurons
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The input-output relationships in neural circuits are determined not only by synaptic efficacy but also by neuronal excitability. Activity-
dependent alterations of synaptic efficacy have been extensively investigated, but relatively less is known about how the neuronal output is
modulated when synaptic efficacy changes are associated with neuronal excitability changes. In this study, we demonstrate that paired pulses of
low-frequency stimulation (PP-LFS) induced metabotropic glutamate receptor (mGluR)-dependent LTD at Schaffer collateral (SC)-CA1 syn-
apses in Sprague Dawley rats (both sexes), and this LTD was associated with EPSP to spike (E-S) potentiation, leading to the increase in action
potential (AP) outputs. Threshold voltage (V) for APs evoked by synaptic stimulation and that by somatic current injection were hyperpolar-
ized significantly after PP-LFS. Blockers of GABA receptors mimicked and occluded PP-LFS effects on E-S potentiation and V,, hyperpolariza-
tion, suggesting that suppression of GABAergic mechanisms is involved in E-S potentiation after PP-LFS. Indeed, IPSCs and tonic inhibitory
currents were reduced after PP-LFS. The IPSC reduction was accompanied by increased paired-pulse ratio, and abolished by AM251, a blocker
for Type 1 cannabinoid receptors, suggesting that PP-LFS suppresses presynaptic GABA release by mGluR-dependent endocannabinoids sig-
naling. By contrast, a Group 1 mGluR agonist, 3, 5-dihydroxyphenylglycine, induced LTD at SC-CA1 synapses but failed to induce significant
IPSC reduction and AP output increase. We propose that mGluR signaling that induces LTD coexpression at excitatory and inhibitory synapses
regulates an excitation-inhibition balance to increase neuronal output in CA1 neurons.
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Long-lasting forms of synaptic plasticity are usually associated with excitability changes, the ability to fire action potentials.
However, excitability changes have been regarded to play subsidiary roles to synaptic plasticity in modifying neuronal output. We
demonstrate that, when metabotropic glutamate receptor-dependent LTD is induced by paired pulses of low-frequency stimula-
tion, the action potential output in response to a given input paradoxically increases, indicating that increased excitability is more
powerful than synaptic depression. This increase is mediated by the suppression of a presynaptic GABA release via metabotropic
glutamate receptor-dependent endocannabinoid signaling. Our study shows that neuronal output changes do not always follow
the direction of synaptic plasticity at excitatory synapses, highlighting the importance of regulating inhibitory tone via endocan-
nabinoid signaling. /
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dent components: synaptic efficacy potentiation and EPSP to
spike (E-S) potentiation, which is the increasing ability of an

Introduction
The LTP and LTD of synaptic transmission are considered
memory-encoding mechanisms. LTP consists of two indepen-
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EPSP to generate a spike (Bliss and Collingridge, 1993; Bear and
Malenka, 1994). The involvement of GABAergic mechanisms in
E-S potentiation was recognized early (Abraham et al., 1987;
Chavez-Noriega et al., 1989, 1990), suggesting that activity-
dependent suppression of inhibitory synapses causes increased
excitability and significantly influences the neuronal output.
Indeed, the calcineurin-mediated inhibition of postsynaptic
GABA, receptors (Lu et al., 2000) and the endocannabinoid
(eCB)-mediated inhibition of presynaptic GABA release (Cheva-
leyre 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. The possibility that i-LTD is associated
with LTD of excitatory synapses (e-LTD) has not been reported
yet.

Expression of E-S potentiation or depression was also ob-
served in the presence of GABA receptor (GABAR) blockers
(Jesteretal., 1995; Daoudal et al., 2002). These results suggest that
activity-dependent changes in intrinsic excitability caused by ion
channel activity alterations are another important mechanism for
modulating E-S coupling (Spitzer, 1999; Beck and Yaari, 2008).
The relative contribution of ion channel mechanisms and
GABAergic mechanisms to E-S coupling modulation will be im-
portant for the comprehensive understanding of neuronal plas-
ticity. Activity-dependent regulation of ion channels, often
referred to as intrinsic plasticity, is associated with synaptic plas-
ticity in various ways. Intrinsic plasticity can act synergistically
with synaptic plasticity (Daoudal and Debanne, 2003; Wang et
al., 2003; Xu et al., 2005), but the opposite has also been reported.
When LTP is associated with reduced excitability (Fan et al.,
2005; Narayanan and Johnston, 2007; Malik and Johnston, 2017)
or LTD is associated with increased excitability (Brager and John-
ston, 2007; Gasselin et al., 2017), intrinsic plasticity is regarded as
ahomeostatic mechanism to prevent an excessive potentiation or
depression of neuronal activity.

The activation of Group I metabotropic glutamate receptors
(mGluRs) is well known to underlie e-LTD in CAl pyramidal
neurons (Bolshakov and Siegelbaum, 1994; Oliet et al., 1997; Lee
et al., 2005). Signaling pathways responsible for mGluR-
dependent e-LTD have been extensively investigated, showing
the involvement of multiple mechanisms (Oliet et al., 1997;
Schnabel et al., 1999; Ireland and Abraham, 2002; Brager and
Johnston, 2007; Mockett et al., 2011; Kim et al., 2015). Our recent
study shows that paired pulses of low-frequency stimulation
(PP-LFS)-induced mGluR-dependent e-LTD are mediated by
activation of the phospholipase C (PLC) pathway, whereas 3,5-
dihydroxyphenylglycine (DHPG)-induced e-LTD occurs inde-
pendently of PLC pathways (Kim et al., 2015). On the other hand,
Group 1 mGluRs underlie eCB-dependent i-LTD (Liu et al.,
1993; Chevaleyre and Castillo, 2003) and the regulation of vari-
ous ion channels, including HCN channels (I,,) and Ca*" chan-
nels that may potentially contribute to E-S potentiation (Anwyl,
1999; Brager and Johnston, 2007; Park et al., 2010). However, 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.

In this study, we found that PP-LFS at the Schaffer collateral
(SC) pathway induces mGluR-dependent e-LTD, whereas the
input-output (I-O) relationship paradoxically shifts leftward. We
provide evidence that PP-LFS activates an mGluR-dependent
eCB signaling pathway, which leads to i-LTD, resulting in in-
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creased 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. Our results suggest
that activity-dependent activation of mGluRs in CA1 neurons
induces LTD at both excitatory and inhibitory synapses, the out-
come of which is in favor of excitation, resulting in a leftward shift
in the I-O relationship.

Materials and Methods

Animals. All experiments were conducted with the approval of the animal
experiment ethics committee at the Seoul National University College of
Medicine. Experiments were performed using Sprague Dawley rats of
either sex.

Slice preparation. After decapitation, the whole brain was immediately
removed and submerged in an ice-cold aCSF containing the following (in
mM): NaCl 116, NaHCO; 26, KCl 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 (VT1200S, Leica
Microsystems). Slices were recovered at 32°C for 30 min and then main-
tained at room temperature in an aCSF containing the following (in mm):
NaCl 124, NaHCO, 26, KC 3.2, NaH,PO, 1.25, CaCl, 2.5, MgCl, 1.3,
and glucose 10; we referred to the aCSFs as “recording aCSFs” until they
were used for recordings. The recording aCSFs were used during electro-
physiological recording. All aCSFs were bubbled with mixture of 95% O,
and 5% CO, to a final pH of 7.4.

Electrophysiology. Hippocampal CA1 pyramidal slices were transferred
to an immersed recording chamber continuously perfused with oxygen-
ated recording aCSF using a peristaltic pump (Gilson). CA1 pyramidal
cells were visualized using an upright microscope equipped with differ-
ential interference contrast optics (BX51WI, Olympus). All electrophys-
iological 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 performed at 32 +
1°C, and the aCSF perfusion rate was maintained at 1-1.5 ml/min. Patch
pipettes (3—4 M{)) and monopolar stimulator pipettes (1-2 M{)) were
made from glass capillaries (Bo-glasscapollaries) using a puller (PC-10,
Narishige). The pipettes were filled with internal solutions containing the
following (in mm): potassium gluconate 130, KCl 7, NaCl 2, MgCl, 1,
EGTA 0.1, ATP-Mg 2, Na-GTP 0.3, and HEPES 10, pH 7.3 (KOH, 295
mosmol/L 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 wm away from the soma) of the CAl field to evoke SC stimulation
induced-synaptic responses. For EPSC and IPSC recordings, the stimu-
lator intensity (100 ws 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 neu-
rons in a whole-cell configuration at a holding potential of —63 and 10
mV, respectively. We confirmed that EPSCs recorded at —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 abol-
ished by blocking GABA , 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 M{) and changed >15%
during the experiment were discarded.

The mGluR-LTD was induced by PP-LES (1 Hz, 15 min), and phar-
macological 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 base-
line EPSC or IPSC recordings. All recordings were performed in the
presence of an NMDAR antagonist (APV 50 um) to block NMDAR-
dependent LTD.

To measure tonic GABAergic currents, we applied voltage steps from
the holding potential of —60 to —120 mV (5 ms duration) with a 10 s
interval, and plotted the changes in instantaneous currents measured at
—60 mV (I_g, ) and —120 mV (I_,,, ,,v) before I, activation. The
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difference in I_,,, ., before and after GABAR antagonists was
measured.

Data analysis. Somatic (positive or negative) current injections were
done at the holding potential —65 mV unless otherwise indicated. Input
resistance (R;,) was calculated with the voltage deflection (AV=V_ . —
Vyaseline) DY @ —25 pA hyperpolarization current injection. Voltage sagin
response to the hyperpolarization current was compared with AV (V.. —
V) versus V. R, and voltage sag were also compared at RMP hold-
ing, and the results were similar with those compared at the —65 mV
holding. Experiments conducted with ZD7288 application were done at
RMP holding. Experiments performed with synaptic stimulation were
done at RMP. The threshold potential for APs (V,) evoked by ramp
current injection (Vy, ramp) or synaptic stimulation (V, SC) was de-
termined by the potential where dV/dt exceeds 10 V/s. We confirmed
that V;, was not significantly affected by the SC stimulation intensity. We
obtained V,;, from at least five APs, and the averaged value was regarded
as the V;, of the cell in each experimental condition. Recordings to com-
pare V,,, were done at a sampling rate of 10—50 kHz. The AP generation
probability was measured by the success or failure of AP generation
during the trials [1#/10 X 100(%)]. From synaptic-stimuli trials with
various stimulus intensity, EPSP slopes were measured from the first
EPSP during the first 2 ms. Plotted AP probability along stimulus inten-
sity or the first EPSP slope was fitted with sigmoid function.

Drugs. AM-251, APV, bicuculline, CGP52432, DHPG, MPEP, NNC-
711, picrotoxin, tetrodotoxin, and ZD7288 were purchased from Tocris
Bioscience. Stock solutions of these drugs were made by dissolution in
deionized water or DMSO and were stored at —20°C. During the exper-
iment, one aliquot was thawed and used. The DMSO concentration in
solutions was maintained <0.1%.

Experimental design and statistical analysis. Experiments were con-
ducted in rats at postnatal days 16—20, and the total number of animals
used was 105 of either sex.

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 was evaluated using a Student’s ¢ test and the
precise p number is written in Results. Statistical correlations were tested
using Pearson test.

Results

E-S potentiation associated with PP-LFS-induced LTD leads
to increased AP output

The activation of Group 1 mGluRs induces not only e-LTD
(Liischer and Huber, 2010; Kim et al., 2015) but also increased
excitability (Ireland and Abraham, 2002). We investigated how
the I-O relationship is affected during mGluR-dependent e-LTD
in CA1 pyramidal neurons. The e-LTD was induced by PP-LFS
(paired pulse in 50 ms interpulse interval delivered at 1 Hz for 15
min) at an SC-CA1 synapse (Fig. 1A), as previously reported
(Kim et al., 2015). We recorded PP-LFS-induced e-LTD (e-
LTDypp_rps) for at least 30 min. The relative amplitude of EPSCs
recorded at 25-30 min after PP-LFS was 0.59 * 0.07 (n = 11) of
the baseline amplitude obtained before PP-LFS (Fig. 1A4). No
significant change was detected in the paired-pulse ratio (PPR)
during e-LTDpp s (Control, 1.37 = 0.05; post-PP-LFS [pPP-
LFS],1.36 = 0.1;n =11, p = 0.9), suggesting that PP-LFS induces
synaptic depression via postsynaptic mechanism, not affecting
glutamate release at presynaptic terminals. In accordance with
EPSC depression, EPSP amplitudes were also reduced. In
current-clamp experiments, we applied a burst synaptic stimula-
tion (5 stimuli, 50 Hz, delivered every 2 s) to record summated
EPSPs (Fig. 1B). The amplitude of the first EPSP was significantly
reduced after PP-LFS (0.56 = 0.06, n = 8, p = 0.1), but the
summation ratio (summated EPSP amplitude/first EPSP ampli-
tude) was unchanged (Control, 2.25 = 0.2; pPP-LFS, 2.30 = 0.4;
n=7,p=0.9) (Fig. 1B). The decrement in EPSP amplitude after
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PP-LFS obtained from an individual cell was equivalent to that in
its EPSC amplitude (Fig. 1C), suggesting that EPSP changes are
parallel to EPSC changes, which indicates no significant change
in dendritic excitability during e-LTDypp_; ps. 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, 1 =
7) remained unchanged after PP-LES, indicating that e-LTDpp_; g 18
predominantly mediated by mGluR5 (Fig. 1D). We also con-
firmed that MPEP alone does not affect the basal synaptic trans-
mission (EPSC amplitude: Control, 156.4 * 16.0 pA; +MPEP,
152.1 = 23.9 pA; 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 Mm{); + MPEP, 130.0 =
17.6 MQ;n = 6,p = 0.5).

Despite a significant decrease in EPSPs during e-LTDpp | pg»
surprisingly, AP generation significantly increased after PP-LFS
(Fig. 1E). We applied 10 burst stimulations at each stimulation
intensity to measure the AP generation probability. Figure 1E
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, we varied the
stimulus intensity in a wide range from subthreshold to suprath-
reshold 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 (SI5,) in pPP-LFS with that in Control (Fig. 1F).
SIs, significantly decreased during e-LTDpp ;g (S5, = 0.78 =
0.05in pPP-LFS, n = 6, p = 0.02), and this decrease was abolished
in the presence of MPEP (SI5, = 1.01 = 0.06 in pPP-LES, n = 7,
p = 0.9) (Fig. 1F), suggesting that the leftward shift in the I-O
relationship during e-LTDpp_; pg is dependent on mGluR5. The
leftward shift in the I-O relationship despite synaptic depression
may suggest the occurrence of E-S potentiation during e-LTDpp.
vrs. Therefore, we obtained the E-S curve by converting the x axis
into an EPSP slope (Fig. 1G). The EPSP slope to attain 50% AP
probability (ESs,) after PP-LFS was 0.75 = 0.03 (n = 6, p =
0.0006) of Control (Fig. 1G), indicating that PP-LFS induces a
significant E-S potentiation.

The increase in AP firing probability at the same EPSP slope
implies Vy, changes during e-LTDpp_; ps. We determined Vy, as
the membrane potential where dV/dt was >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-LES, —46.0 = 1.5mV; n =
8, p = 0.0006) (Fig. 1H ). These results suggest that V;, hyperpolar-
ization contributes to E-S potentiation during e-LTDpp_; g, which is
powerful enough to induce a leftward shift in the I-O relationships
despite synaptic depression.

The LTD of GABAergic synapses mediated by eCB underlies
E-S potentiation during e-LTDyp ; pg

The next question we addressed was the mechanism underlying
E-S potentiation during e-LTDpp_; ps. Disinhibition, an increase
in excitability due to a decrease in GABAergic inhibition, was
suggested to participate in E-S potentiation during tetanus-
induced LTP (Chavez-Noriega et al., 1989, 1990). To investigate
whether disinhibition is involved in E-S potentiation during
e-LTDypp_ s> We first examined whether IPSCs are reduced after
PP-LFS. IPSCs evoked by stimulating the SC pathway were re-
corded at a holding potential of 10 mV. We monitored changes of
IPSCs after PP-LFS 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. 2A). Because the decrease in
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Figure 1.

Induction of E-S potentiation during e-LTDpp_, ;s at SC-CA1 synapses. A, PP-LFS at SCinduced long-term change in EPSCamplitude. Top, Representative EPSCs recorded before PP-LFS

induction (a, Control) and 25-30 min after PP-LFS (b, pPP-LFS). B, Top, Example traces of summated EPSPs by 50 Hz SC stimulation. Bottom, Traces scaled to first EPSP peak are superimposed. Bar
graphs represent no significant change in EPSP summation ratio by PP-LFS. €, Ratio of first EPSC change (EPSCpp_, ¢5/EPSCconiren) IS plotted against EPSP change (EPSPpp_ ro/EPSPoro)- 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, The presence of MPEP
throughout the experiment prevented the induction of eLTD,p <. E, Raw voltage traces as a result of 10 trials of SCstimulation (27 V, 5 stimuli, 50 Hz, 2 s interval) before (Control) and 30 min after
PP-LFS (pPP-LFS). 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
30min after PP-LFS (pPP-LFS). Firing probability was obtained from 10 trials at each stimulus intensity. Bar graphs represent that 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) and 30 min after PP-LFS (pPP-LFS). Summary data showing significant decrease of ES,,
after PP-LFS. F, G, Light colors represent sigmoid fitted lines. F, G, Filled circles represent where the Sl and the ES, are acquired, respectively. H, Left, Indicated traces marked with @ and b shown
at Eare superimposed and enlarged, showing hyperpolarized V., of APs after PP-LFS. Middle, Phase-plane plots of dV/dt versus membrane potential of first AP induced by SCstimulation. Right, Bar

graphs representing significant V., hyperpolarization that AP induced by SCstimulation (Vy,, SC). *p < 0.05.**p <0.01. n.s., Not significant (p > 0.05). Error bars indicate SEM.

IPSCs persisted >30 min, we referred to it 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. 2A). Further-
more, we 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. 2B). These results suggest that mGluR5-dependent mecha-
nisms activated during PP-LFS affect presynaptic GABAergic ter-
minals, possibly via retrograde signaling to cause i-LTD.

eCBs, such as 2-AG, have been suggested as retrograde signal-
ing molecules to mediate high-frequency stimulation-induced
i-LTD in the SC-CA1 synapse (Chevaleyre and Castillo, 2003,
2004; Younts et al., 2013). The activation of Group 1 mGluRs
triggers eCB mobilization upon PLC and diacylglycerol lipase «
activation (Castillo et al., 2012). To assess a possible role of eCB
signaling in i-LTD, we examined the effects of AM251, a Type 1
cannabinoid receptor (CB;R) antagonist, on i-LTD. In the pres-

ence of AM251 (2 uM), PP-LFS no longer induced i-LTD, indi-
cating that i-LTD depends on CB;Rs (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 = 5, p = 0.9) (Fig. 2C).
These results suggest that PP-LFS at the SC pathway activates
mGluR5/PLC pathways in postsynaptic CA1 neurons, which mo-
bilizes eCBs that activate CB,Rs in presynaptic GABAergic in-
terneuron terminals, resulting in reduced GABA release.

To further verify whether disinhibition indeed contributes to
E-S potentiation during e-LTDpp_ps, We examined whether
blocking GABARs can mimic the PP-LFS effects. When we
blocked GABARs by applying a mixture of a GABA, receptor
antagonist (bicuculline 20 um or picrotoxin 100 uMm) and a
GABAj receptor antagonist (CGP52432 1 uM) (anti-GABARs),
the I-O relationship shifted leftward significantly (SI;, = 0.69 =
0.03 with anti-GABARs, n = 8, p = 0.00003) (Fig. 3A,B). How-
ever, the amplitude of EPSPs (Control, 3.7 £ 0.6 mV; +anti-
GABARs, 4.0 = 0.8 mV; n = 8, p = 0.6) and the EPSP slope (Fig.
3C) were not significantly affected by anti-GABARs, suggesting
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that IPSPs do not significantly affect A <
EPSPs under our experimental condi- __18
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during LTDpp_y ps.
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We then examined whether anti-
GABARs occlude PP-LES effects. The
anti-GABARs did not affect the expres-
sion of e-LTDpp_ 5 (0.61 = 0.07 of base-
line at 25-30 min after PP-LFS, n = 6)
(Fig. 3F) but inhibited the effects of PP-
LFES on the I-O relationship or E-S cou-
pling (Fig. 3G-I). Indeed, AP generation
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decreased significantly after PP-LFS (Sl, =
1.21 = 0.05 in pPP-LES, 1 = 8, p = 0.003)
(Fig. 3H), whereas E-S coupling (ES;, =
0.98 + 0.02,n = 8, p = 0.4) (Fig. 3I) and
V,, (+anti-GABARs, —42.8 * 1.3 mV;
pPP-LFS, —43.9 = 0.9mV;n=9,p=0.3)

Normalized IPSC

PPR

(Fig. 3]) remained unchanged after PP- I
LFS in the presence of anti-GABARs. The
SI;, increase after PP-LFS in the presence
of anti-GABARs can be explained by a re-
duced EPSP amplitude with unchanged
V- These results are consistent with the
hypothesis that E-S potentiation associ-
ated with the V, hyperpolarization after
PP-LES is attributable to decreased
GABAergic inputs.

Figure 2.

Reduction of tonic GABA currents

underlies increased AP output with V, hyperpolarization
during e-LTDpp 1 gg

GABAergic inhibition is generally thought to occur via shunting ef-
fects. In this regard, decreased GABAergic inputs are expected to
increase EPSPs, but we noted that anti-GABARs do not increase
the amplitude or slope of EPSPs (Fig. 3C). To understand this
observation, we examined effects of anti-GABARs on R;, changes
with RMP changes and found that anti-GABARs did not signifi-
cantly affect R;, (Control, 111.6 * 8.4 m{); +anti-GABARs,
117.7 = 8.1 M0 n =9, p = 0.1) (Fig. 4A) or RMP (Control,
—59.4 £ 0.3 mV; +anti-GABARs, —58.5 £ 0.8 mV;n =9,p =

1 | | | |
20 30 40 50
Time (min)

N
o
T L

PP-LFS-induced i-LTD is mediated by mGluR/eCB signaling. A, Graph showing PP-LFS at SCfibers induced LTD of IPSC
magnitude. Bar graphs representing that PPR of IPSC is significantly increased after PP-LFS. B, PP-LFS-induced i-LTD is not
expressed in the presence of MPEP. The PPR of IPSCis not increased after PP-LFS. C, Graph showing that the PP-LFS-induced i-LTD
is significantly blocked by inhibiting (B, Rs. The PPR of IPSCin the presence of AM251 remains unchanged after PP-LFS. A-(, Insets,
Top, Representative IPSC traces before PP-LFS (a, black) and 25—30 min after PP-LFS (b, red). *p << 0.05. n.s., Not significant (p >
0.05). Error bars indicate SEM.

0.3). On the contrary, R;, was increased significantly after PP-LFS
(Control, 117.7 * 8.8 MQ); pPP-LFS, 164.0 = 14.2MQ;n = 8,p =
0.0005) (Fig. 4A), whereas 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
anti-GABARs (+anti-GABARs, 132.1 = 8.1 m{); pPP-LFS,
164.1 £ 189 M{; n = 9, p = 0.05) (Fig. 4A), suggesting that
decreased GABAergic function does not cause a significant in-
crease in R, and that the increased R, after PP-LFS is not related
to decreased GABAergic inputs.

Among PP-LFS-induced effects and anti-GABAR effects, Vy,

hyperpolarization was commonly found and considered relevant
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Figure3. GABAR blockers mimic and occlude E-S potentiation associated with V,, hyperpolarization during e-LTD,_, <. A, Example traces of the voltage responses to 10 trials of suprathreshold
SCstimulation obtained before (Control) and after GABAR antagonist application (+anti-GABARS). Inset, Superimposed voltage traces indicating hyperpolarized V.. B, Graph showing distribution
of firing probability as a function of stimulus voltage before (Control) and after anti-GABAR application (+anti-GABARS). Bar graph represents significant decrease of Sl by GABAR blockade. C, No
significant changeis detected in the ratio of the first EPSP slope to stimulus intensity after the anti-GABAR application. D, Plot of firing probability as a function of first EPSP slope. Bar graphs represent
asignificant decrease in ES,, by GABAR inhibition. £, Summary data showing significant V,, hyperpolarization that APs induced by SCstimulation (V,;, SC). F, The e-LTDj._ ¢ is still induced in the
presence of anti-GABARS. Inset, EPSC traces obtained before (a) and 25—30 min after PP-LFS (b). G, Voltage responses to 10 trials of suprathreshold SC stimulation before (+anti-GABARS) and after
PP-LFS (pPP-LFS) in the presence of anti-GABARs during entire recordings. Inset, No significant change in V. H, Distribution of firing probability as a function of stimulus voltage before
(+anti-GABARSs) and after PP-LFS (pPP-LFS) in the presence anti-GABARs. Right, Bar graphs represent significant increase in Slg,. /, No significant change is detected in AP probability versus first
EPSP slope. Bar graphs represent no significant change in ESs,. J, Vy, shift by PP-LFS is occluded in the presence of anti-GABARSs. *p << 0.05. **p << 0.01. n.s., Not significant (p > 0.05). Error bars
indicate SEM.

as a mechanism for E-S potentiation. To further characterize the  direct somatic stimulation was not significantly different from
Vi change, we examined Vy, hyperpolarization for APs evoked  thatevoked by SC stimulation (6.0 mV vs 5.2 mV). The V, values
by somatic depolarization. APs were evoked by injecting depolar- ~ (Control, —39.8 = 0.7 mV; pPP-LFS, —40.0 * 2.0 mV; n = 6,
izing ramp currents (250 pA/s) to the soma under current-clamp ~ p = 0.9) and AP numbers (Control, 7.7 * 1.1; pPP-LFS, 7.3 =
conditions, and the Vy, for the first AP and the number of APs  1.5;n = 6, p = 0.7) were unchanged after PP-LFS in the presence
were measured before and 30 min after PP-LFS. After PP-LFS,V,;,  of MPEP (Fig. 4B), confirming the involvement of mGluR5 acti-
was hyperpolarized (Control, —41.4 = 0.8 mV; pPP-LFS, vation in these effects.

—47.4 = 1.9 mV; n = 6, p = 0.04) and more APs were evoked We then examined whether the inhibition of GABARs can
(Control, 8.7 * 1.5; pPP-LFS, 12.3 = 1.4;n = 6, p = 0.005) (Fig. = mimic and occlude PP-LFS effects. When we applied anti-
4B). The magnitude of V;, hyperpolarization for APs evoked by =~ GABARs, the AP generation evoked by ramp current injection to
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V, hyperpolarization for APs evoked by somatic depolarization during e-LTDpp_ s is dependent on GABAergic mechanisms. A, Left, Representative traces showing the voltage

responsestoa — 25 pA square current injection. Traces obtained in condition before (Control) and after anti-GABAR application (+anti-GABARs); before (Control) and 30 min after PP-LFS (pPP-LFS);
before (+anti-GABARs) and after PP-LFS (pPP-LFS) in the presence of anti-GABARSs during the entire recordings are superimposed. V., i Baseline of voltage deflection; V..,,,, maximum point of
voltage deflection. Right, Summary bar graphs of the R;, 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). Inset, Superimposed traces of significant V,, hyperpolarization of first AP. Bar graphs represent significant V, hyperpolarization (Vy,, ramp)andincrease
in number of AP (AP #). Presence of MPEP throughout the experiment prevented the changesin V,, and number of AP. C, The same ramp protocol is performed before (Control) and after perfusion
of anti-GABARSs (+anti-GABARs). D, The same ramp protocol is performed in the presence of anti-GABARs (+anti-GABARs) and compared with the subsequent PP-LFS induction (pPP-LFS). *p <

0.05. **p < 0.01. n.s., Not significant (p > 0.05). Error bars indicate SEM.

the soma significantly increased (Control, 8.7 * 2.0; +anti-
GABARs, 12.0 = 1.6; n = 6, p = 0.03), and this increase was
associated with a significant V, hyperpolarization (Control,
—40.4 = 1.1 mV; +anti-GABARs, —43.2 £ 1.5 mV;n = 6,p =
0.045) (Fig. 4C). Furthermore, in the presence of anti-GABARs,
PP-LFS did not affect AP generation (+anti-GABARs, 10.7 *
1.4; pPP-LFS, 11.0 = 1.9;1=9,p = 0.7) or V, (+anti-GABARs,
—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 anti-GABARs (Fig.
4D). Applying GABA,, or GABA receptor antagonists alone did
not show significant effects, suggesting the involvement of both
GABA, and GABAj receptors in the increased AP firing associ-
ated with V,, hyperpolarization after PP-LFS.

A possible mechanism for the effects of anti-GABARs and
PP-LFS on APs evoked by somatic depolarization is that tonic
GABA currents at an ambient GABA level have inhibitory roles
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Figure 5.

PP-LFS inhibits tonic GABA currents. A, Graph showing recorded currents at —60 mV (I_¢o v, gray) or —120 mV (I_54 v black) holding. Consistent reduction of currents by

anti-GABAR perfusion (+anti-GABARs) is well detected at —120 mV holding. B, |;ygxs Was no longer detected after pPP-LFS induction (pPP-LFS). G, 1, is reduced by TTX perfusion (+TTX)
and is not further reduced by subsequent anti-GABAR treatment (+anti-GABARS). D, | _ 1, my is slightly increased by NNC-711 perfusion (-+NNC-711) and reduced by subsequent anti-GABAR
treatment (+anti-GABARS). E, Bar graphs represent l¢gp, in conditions described in A=D. *p << 0.05. **p << 0.01. Error bars indicate SEM.

for AP generation by increasing V. Ambient GABA levels are
expected to decrease when vesicular GABA release is reduced
after PP-LFS, which in turn hyperpolarizes V;, 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 Cl~ is maximized using a high Cl~ internal
solution or ambient GABA concentration is maximized using
GABA transporter inhibitors (Dalby, 2003; Glykys and Mody,
2007; Bright and Smart, 2013; Razik et al., 2013). Because detect-
ing holding current level changes by applying anti-GABARs was
not successful with the low Cl ™ internal solution used in the
present study (calculated E; —65.9 mV), we recorded changes in
the current level by anti-GABARs at —120 mV by applying volt-
age steps from the holding potential of —60 to —120 mV (5 ms
duration) (Fig. 5A). Although GABA, or GABAj receptor antag-
onists alone did not induce significant changes, we could observe
asmall but significant decrease in the current when anti-GABARs
were applied. The different currents before and after applying
anti-GABARs recorded at —120 mV were regarded as GABAR-
mediated currents (Igagars) (Control, —39.1 £ 8.0 pA, n = 9)
(Fig. 5A,E). The current level at —120 mV was decreased by TTX
(0.5 um) (21.6 = 5.3 pA, n = 5); and thus, the I,z amplitude
was reduced significantly in the presence of TTX (+TTX, —6.6 =
4.5 pA, n =5, p = 0.0008) (Fig. 5C,E). On the other hand, the
current level at —120 mV was increased by NNC-711 (5 uMm), a
GABA uptake inhibitor (24.1 = 9.3 pA, n = 7). The I par am-
plitude in the presence of NNC-711 was —46.2 = 7.7 pA (n = 6)
(Fig. 5D, E), slightly larger than that obtained from Control, al-
though the difference was not statistically significant. These re-
sults support that I,pag Is the current activated by ambient
GABA. Importantly, anti-GABARs had no effect on currents after
PP-LFS, suggesting that I;,5,rs became negligible after PP-LFS
(pPP-LFS, —6.3 £ 2.5pA, n =7, p = 0.0003) (Fig. 5B,E). These
results support that I, 54z, at the basal state, which has an inhib-
itory role in the AP firing of CA1 neurons by V, modulation, is

reduced by PP-LFS, resulting in the AP firing increase during
e-LTDpp.ps-

The PP-LFS-induced reduction of tonic inhibition is
mediated by eCB/CB,R activation

We have shown that i-LTD is mediated by eCB/CB;Rs (Fig. 2C).
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), we examined whether eCB/CB,R activation is in-
volved in the reduction of tonic currents after PP-LFS. In the
presence of AM251, we found that I, r, Was well detected after
PP-LFS, and no significant difference was determined between
the Igapar amplitudes obtained before and after PP-LFS (no PP-
LES, —22.3 = 2.6 pA at —120 mV, n = 6; pPP-LFS, —20.8 = 1.2
pAat —120mV, n = 5;p = 0.6) (Fig. 6A—C). In agreement of this
finding, PP-LFS-induced V,, hyperpolarization was abolished in
the presence of AM251 (Vy, ramp: +AM251, —39.0 = 0.4 mV;
pPP-LFS, —40.4 £ 0.4 mV; n = 9, p = 0.1; V,, SC: +AM251,
—39.8 = 0.7 mV; pPP-LFS, —40.8 = 0.6 mV; n = 6,p = 0.2) (Fig.
6D,E). 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.

DHPG does not induce the leftward shift in I-O relationship
during e-LTD

Next, we investigated whether mGluR-LTD at excitatory synapses
induced by the Group 1 mGluR agonist DHPG (e-LTDpyp¢) also
leads to a leftward shift in I-O relationship and E-S coupling. A
bath application of DHPG (100 uM) for 7 min reliably induced
synaptic depression in our experimental condition to a similar
extent induced by PP-LFS (0.56 = 0.08 of baseline at 25-30 min
after DHPG, n = 6) (Fig. 7A). As were the changes during
e-LTDpp_rps, EPSC changes during e-LTDpyyp; were parallel to
EPSP changes (0.71 £ 0.06, n = 7) (Fig. 7B). However, the I-O
relationship during e-LTDpg was different from that during
e-LTDpp_1ps (Fig. 7C,D). The AP output during e-LTDppg in
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PP-LFS-induced reduction of tonic inhibition is mediated by e(B/CB, R activation. A, Graph showing that |, is detected at —120 mV holding in the presence of AM251 (-++AM251)

during entire recordings. B, In the presence of AM251 (+AM2571), l¢xgag is still detected at — 120 mV holding after PP-LFS (pPP-LFS). €, Bar graph represents measured I yg,qs 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 (B,Rs blocking (+AM251) and 30 min after PP-LFS (pPP-LFS). Summarized data
showing no significant change in Vy, ramp. E, Suprathreshold SC stimulation induced voltage traces before (+AM251) and 30 min after PP-LFS (pPP-LFS) with AM251 perfusion. Bar graphs
representing no significant changeinVy, SC.Insets, Superimposed and expanded traces from the boxed area. Arrows indicate no significant change of V.. n.s., Not significant (p > 0.05). Error bars

indicate SEM.

response to burst synaptic stimulation was not consistently in-
creased or decreased but showed a variable response. As a result,
the mean value for SI;, during e-LTD,pg Was not significantly
different from that obtained before DHPG application (SI5, =
1.02 + 0.08, n = 11, p = 0.9) (Fig. 7D). To understand the I-O
response variability during e-LTDy,pg, we compared the mag-
nitudes of output changes (1 — normalized SI5,) and synaptic
weight changes (EPSPpp/EPSPoniro1) @and found a linear rela-
tionship between these two parameters (Fig. 7D), suggesting that
synaptic weight is a major factor for determining AP outputs.
Interestingly, the relationship crosses zero when EPSPs were re-
duced by ~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 whereas a few
cells showed E-S depression. The mean value for ES;, decreased
significantly after DHPG (ESs,, 0.93 = 0.03, n = 10, p = 0.01)
(Fig. 7E), but the decrease was smaller than that observed after
PP-LFS. To examine the involvement of i-LTD in DHPG-
induced E-S potentiation, we measured changes in IPSCs after
DHPG (0.82 = 0.06 of baseline at 25-30 min after DHPG, n =
10) (Fig. 7F). In contrast to the expression of significant i-LTD
after PP-LFS, only 3 of 10 cells showed IPSC decreases after
DHPG by >20% (Fig. 7G, box). There was no correlation be-
tween the magnitudes of i-LTD and E-S potentiation (Fig. 7G) or
V. changes (Fig. 7H: number indicates 3 cells that show signifi-
cant i-LTD in Fig. 7G), suggesting that the increased excitability
underlying E-S potentiation during e-LTD,;pg is not mediated
by disinhibition (Fig. 7G). The V,;, showed variable responses
with no significant change in the mean value for V, after DHPG
(Control, —41.0 = 0.6 mV; pDHPG, —41.5 £ 2.0 mV; n = 11,
p = 0.4), but the V,;, changes of individual cells correlated with
E-S coupling changes after DHPG (Fig. 7H). A correlation be-
tween E-S coupling changes and R;,, changes was not observed
(Fig. 7I). These results suggest that the E-S coupling changes after

DHPG involve an intrinsic plasticity mechanism that regulates
V. Considering that Vi, hyperpolarization by anti-GABARs (2.1
mV) was smaller than that by PP-LFS (5.2 mV), intrinsic plastic-
ity mechanisms may also be involved in PP-LES effects.

No evidence for the involvement of I, inhibition in the
increased excitability during mGluR-dependent LTD
Increased excitability due to Th downregulation during mGluR-
dependent LTD was reported previously (Brager and Johnston,
2007). To investigate the involvement of I, inhibition in the in-
creased excitability during e-LTDpyp_; g, we analyzed excitability
parameter changes induced by I}, blockade using ZD7288 (20 um)
and compared them with changes induced by PP-LFS. We con-
firmed that three typical features for I, inhibition (Maccaferri et
al., 1993; Biel et al., 2009), RMP hyperpolarization (Control,
—58.8 = 0.8 mV; +ZD7288, —67.5 £ 1.7 mV; n = 9, p =
0.0003), R, increase (Control, 131.3 = 11.1 m{); +ZD7288,
250.0 * 34.6 MQ; n = 5, p = 0.01), and sagging amplitude de-
crease (Fig. 8A), were well observed in the presence of ZD7288,
whereas PP-LFS did not significantly affect RMP or sagging (Fig.
8B). Increased R, due to I, inhibition is expected to increase
EPSP decay time and temporal summation (Magee, 1999; Brager
and Johnston, 2007), but the summation ratio for EPSPs in re-
sponse to 50 Hz burst synaptic stimulation was not affected by
7ZD7288 (Control, 2.73 £ 0.3; +ZD7288,2.80 £ 0.3;n = 6,p =
0.8) (Fig. 8C). As aresult, the I-O relationship obtained from APs
evoked by synaptic stimulation was shifted rightward by ZD7288
(SIsp, 1.65 £ 0.1, n = 5, p = 0.01) (Fig. 8D) with no significant
changes in Vy;, (Control, —38.0 = 1.4 mV; +Z2D7288, —36.0 =
1.9 mV;n =5, p = 0.09) (Fig. 8E). These results showed that I,
inhibition effects on intrinsic excitability and E-S coupling are
quite different from PP-LFS effects. We also analyzed excitability
changes during e-LTD,y;p 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 M{); pDHPG, 173.9 * 8.5
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Figure7.

DHPG induce e-LTD with weak E-S potentiation, but no significanti-LTD. A, Time course and magnitude of synaptic depression by bath application of DHPG. B, Ratio of first EPSP change

(EPSPy11p6/EPSP conire) is plotted against first EPSC change (EPSPyyip/EPSP oy Fitted line of data is presented with solid line (black), and a linear correlation is observed (r = 0.89). Right,
Representative traces of EPSCs (4) and EPSPs (B) during the baseline period (05 min) (Control, black) and 25—30 min after DHPG application (pDHPG, light blue). €, Representative voltage traces
by suprathreshold SCstimulation before (Control) and after DHPG application (pDHPG). Insets, DHPG-induced variable results in depolarization (left) or hyperpolarization (right) of V.. D, Bar graphs
represent no significant changes in Sl,. Graph shows strong linear relationship between 1-Sl5, and EPSP weight (r = 0.89). E, Distribution of firing probability as a function of EPSP slope before
(Control) and 30 min after DHPG application (pDHPG). Light colors represent sigmoid fitted line. Bar graphs represent significant decrease in ESs,. F, Time course and magnitude of i-LTD by DHPG
application. Inset, Representative IPSC traces obtained before (a) and 25-30 min after DHPG application (b). G, No correlation is detected between 1-ES, and IPSC weight (r = —0.13). Samples
that show IPSC decreases >20% after DHPG are numbered and indicated with box. H, Graph showing a linear correlation between 1-ES;; and AV, SC(r = —0.47). Numbers indicate 3 cells that

showssignificanti-LTDin Figure 7G.1, No correlation s detected between 1-ES; and AR, (r =
line of data, respectively. Error bars indicate SEM. *p << 0.05. n.s., Not significant (p > 0.05).

M) n =10, p = 0.2), or sagging, which is also very different from
I;, inhibition effects. We further investigated the effects of
ZD7288 on intrinsic excitability by analyzing AP firing in re-
sponse to somatic depolarization. The number of spikes induced
by somatic depolarization was reduced by ZD7288 (100 pA injec-
tion; Control, 4.4 = 1.3; +ZD7288,2.9 * 1.1,n = 8, p = 0.01),
but the reduction was reversed when the hyperpolarized RMP
was corrected by current injection (+ZD7288, RMP corrected,
8.3+ 1.7,n =8, p = 0.05) (Fig. 8F), suggesting that the increased
excitability due to R;, increase was masked by RMP hyperpolar-
ization effects. Importantly, V,;, was not affected by ZD7288
(Control, —38.6 = 0.6 mV; +7ZD7288, —36.6 = 2.5 mV,n = 5,
p = 0.4) or changing RMP (+ZD7288, RMP corrected, —36.4 =
2.6 mV, n =5, p = 0.3) (Fig. 8G), suggesting that V;, hyperpo-
larization, which is the most important mechanism for E-S po-
tentiation during e-LTD, is not attributable to I, inhibition.

Discussion

This study identifies that the postsynaptic mGluRS5 activation by
PP-LFS at the SC produces a sustained and stable form of e-LTD
and i-LTD, resulting in an E-S potentiation in CAl pyramidal
neurons. This opposite expression of synaptic and E-S coupling
plasticity leads to increased neuronal output, implying that E-S

—0.18).D, G, H, 1, Closed circles (light blue) and gray solid lines atindicate averaged number and fitted

coupling alteration is not just a complementary mechanism to
synaptic plasticity but can play a dominant role in regulating the
I-O relationship. Figure 9 summarizes the data for alterations of
synaptic weights, E-S coupling, and I-O relationship obtained in
different experimental conditions, demonstrating that I-O rela-
tionship alterations, referred to as I-O plasticity, during mGluR-
dependent LTD can be understood by the integration of changes
in synaptic and E-S coupling components.

Changes in R, versus V, involved in E-S potentiation

The increase in intrinsic excitability during e-LTD has been dem-
onstrated previously (Brager and Johnston, 2007; Campanac et
al., 2008; Gasselin et al., 2017). Increases in AP firing during
e-LTD were associated with R;, 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 in-
crease in intrinsic excitability during e-LTD, but direct experi-
ments to show whether it contributes to E-S potentiation have
not been conducted. Indeed, increases in EPSP summation were
observed at frequencies <20 Hz (Brager and Johnston, 2007), but
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Effects of ZD7288, I, blocker, on intrinsic excitability and E-S coupling in CAT 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 (+2D7288). V... Maximum point of voltage deflection; V,: steady state of voltage deflection. Bottom, Voltage response
to —200 pA current injection in Control and the similar level of V,_,, shown at +ZD7288 are superimposed. Right, AV (V. — V,,) is plotted against V., before (Control) and after
ZD7288 application (+2D7288). B, Left, Representative voltage deflections to current steps before (Control) and 30 min after PP-LFS (pPP-LFS). Right, AV (V,,,, — V) versus V.. 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 50 Hz. Bar graphs represent 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 (+2D7288). 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 S, by |, inhibition. E, Bar graphs represent no significant changes in Vy;, SCin the presence of ZD7288. F, Left,
Representative voltage traces to current step (100 pA) before (Control), after ZD7288 application (+2D7288), and RMP corrected with currentfnjection (+2D7288, RMP corrected).
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 (+Z2D7288). Inset, Bottom, Traces at boxed area are superimposed. Bar graphs represent no significant changes in V, ramp. F,

*p < 0.05.**p < 0.01. n.s., Not significant (p > 0.05). Error bars indicate SEM.

we 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. 1B), suggesting that the
R;, increase may not contribute to E-S potentiation. We searched
for another mechanism underlying E-S potentiation changes
during e-LTD and found that it has a strong correlation with V ;,
hyperpolarization (Figs. 1, 3).

Relative contribution of disinhibition and intrinsic plasticity
to E-S potentiation

We demonstrate that anti-GABARs mimic and occlude PP-LFS
effects on E-S potentiation and V;, without significant effects on
R;, (Figs. 3, 4), supporting the idea that decreased GABAR func-

tion is responsible for V;, hyperpolarization and serves as a key
mechanism underlying E-S potentiation during e-LTDpp s,
whereas R;, increases play a minor role in our experimental
condition. However, our study does not exclude the possible
contribution of intrinsic plasticity to E-S potentiation during
e-LTDpp_ps. The E-S potentiation and V, hyperpolarization
induced by anti-GABARs were indeed smaller than those in-
duced by PP-LFS (ES;,, 75% after PP-LES vs 84% after anti-
GABARs; Vy, hyperpolarization, 5.2 mV after PP-LES vs 2.1
mV after anti-GABARs). Furthermore, E-S potentiation asso-
ciated with V,, hyperpolarization also occurred during
e-LTDpyp; Where i-LTD was insignificant (Fig. 7), although
the magnitude was smaller than that during e-LTDpp_ gs.
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Understanding I-0 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

I-0 change (right) in each condition. B, mGluR5-dependent downstream signaling mechanism induced by synaptic stimulation (top) or DHPG application (bottom) in CA1 pyramidal neuron. Gg, Gq
protein; L-VGCC, L-type voltage-gated Ca® " channel; AMPAR, AMPA receptor; IP5, inositol trisphosphate; IN, interneuron; PN, pyramidal neuron. C, Schematic diagram of I-0 plasticity. *p << 0.05.

*¥p < 0.01. n.s., Not significant (p > 0.05). Error bars indicate SEM.

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). We demonstrate that increased R;, by ZD7288 is accom-
panied by a huge RMP hyperpolarization (Fig. 8), whereas in-
creased R;, during e-LTDypp g is not accompanied by RMP
changes. Furthermore, sagging, a manifestation of I activation,
was not significantly affected by PP-LFS (Fig. 8B). These differ-
ences between I, inhibition effects and PP-LFS effects suggest
that I, inhibition may not contribute significantly to intrinsic
excitability changes. In the present study, we could not identify
ion channels that cause increased excitability, but our results sug-
gest that changes in ion channel activity leading to V,, hyperpo-
larization are most likely to contribute to increased excitability.

Contribution of tonic GABA currents to V,, and R;,

The main source of ambient GABA responsible for tonic inhibi-
tory currents in the hippocampus is the vesicular release respon-
sible 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. We found that PP-LFS-induced V,,

hyperpolarization to synaptic stimulation (Fig. 1F) is similar to
direct somatic activation (Fig. 4B) and that both changes are
occluded by anti-GABARs (Figs. 3/, 4D). These results suggest
that the reduction of tonic inhibitory currents is mainly respon-
sible for V, hyperpolarization and E-S potentiation during
e-LTDpp 1 ps-

It is generally understood that the mechanism underlying in-
creased excitability by suppressing GABAergic inputs is a reduc-
tion in shunting effects, which is expected to increase R;, and
EPSP amplitude. However, when we calculated from our exper-
imental results the contribution of tonic GABA conductance to
resting conductance (—39 pA at —120 mV with E; = =66 mV),
it was only ~8% (0.7 of 9 nS). Indeed, we did not find significant
changes in R;, and EPSP amplitude by anti-GABARs, but the
mean value for R;, increased by 5.5% (from 111 to 117 m(}),
which is not greatly different from the value expected from a
conductance change by a reduction in tonic GABA currents. De-
spite 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 local.

It was reported that tonic inhibitory currents in the CA1 area
are mostly mediated by GABA , receptors (Stell and Mody, 2002;
Glykys and Mody, 2006, 2007). However, applying GABA, or
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GABAj receptor antagonists individually did neither signifi-
cantly affect V;, and E-S potentiation nor occlude PP-LES effects,
suggesting that not only GABA, receptors, but also GABAj re-
ceptors, underlie the tonic inhibition. GABA receptor-mediated
tonic inhibition was reported in locus ceruleus neurons, playing a
role in the regulation of spontaneous activity (Wang et al., 2015).
An enhancement of GABA, receptor function by postsynaptic
GABAj receptors was reported in dentate gyrus granule cells
(Ransom et al., 2013) and thalamocortical neurons (Connelly et
al., 2013). The roles for GABAj receptors in the tonic inhibition
in CAl neurons remain to be investigated.

Difference in signaling mechanism underlying e-LTDpp_; 5g
and e-LTDpypg

Different stimulation methods to activate mGluRs recruit dif-
ferent signaling pathways. DHPG application induces a PLC/
PKC-independent increase in intrinsic excitability (Ireland and
Abraham, 2002), whereas synaptic stimulation induces a PKC-
dependent increase in intrinsic excitability (Brager and Johnston,
2007). We previously showed that the activation of mGluRs alone
by DHPG fails to induce robust PLC activation, but glutamate,
which activates both iGluRs and mGluRs, is able to activate PLC
with the concomitant activation of L-type Ca** channels (Kim et
al., 2015) (Fig. 9B). Considering that PLC is required for the DAG
generation, which is a prerequisite to generating endocannabi-
noids, such as 2-AG, which is crucial for i-LTD (Edwards et al.,
2008; Heifets and Castillo, 2009; Castillo, 2012), the failure of
i-LTD induction by DHPG is consistent with our previous study
that mGluRs activation alone is insufficient to activate PLC (Kim
et al., 2015). Other studies consistently demonstrate that DHPG
alone is insufficient to induce eCB-dependent i-LTD, but DHPG
in combination with an intracellular Ca*>* increase induces
i-LTD (Edwards et al., 2008; Heifets et al., 2008). However, some
studies show that DHPG alone induces stable eCB-dependent
i-LTD (Chevaleyre and Castillo, 2003; Pan et al., 2008). We also
found i-LTD induction by DHPG in 3 of 10 cells (Fig. 7G). Be-
cause PLC activation is Ca**-dependent (Rebecchi and Pentyala,
2000; Hashimotodani et al., 2005), the robustness of DHPG-
induced PLC activation may be affected by resting Ca*™ levels,
which may vary among different cells.

The physiological significance of the association of i-LTD
with e-LTD after PP-LFS

The mechanism of i-LTD associated with e-LTD presented in this
study shares common characteristics with that associated with
synaptic LTP in previous studies (Lu et al., 2000; Chevaleyre and
Castillo, 2003; Azad et al., 2004; Jiang et al., 2010). For instance,
both are dependent on mGluR5 and mediated by retrograde
CB;R-dependent mechanisms. Thus, it appears that activity-
dependent changes in GABAergic mechanisms by mGluR/CB;R
signaling are always inhibitory, leading to E-S potentiation. As-
sociation of i-LTD with excitatory synaptic LTP was regarded to
play a synergistic role to increase potentiation (Bliss and Lomo,
1973; Andersen et al., 1980; Chavez-Noriega et al., 1990; Daoudal
et al., 2002), while we show that the effect of GABAergic inhibi-
tion during e-LTD is stronger than that of synaptic depression on
AP outputs, thereby paradoxically shifting the I-O relationship to
the left. These results give new insights into the importance of
mGIuR/CB R signaling in the regulation of the excitation-
inhibition (E-I) balance, which modulates neuronal outputs.
Furthermore, we found that the most frequently used protocols
for Group 1 mGluR activation, PP-LFS and DHPG, have differ-
ent impacts on E-I balance, revealing the complexity of mGluR

Kim et al. @ EPSP-Spike Potentiation during mGIuR-LTD

signaling. Our study highlights the mechanisms underlying the
activity-dependent regulation of the E-I balance, which may play
an important role in information processing in the brain.
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