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Abstract

A hallmark of brain organization is the integration of primary and modulatory pathways by
principal neurons. Primary sensory inputs are usually not plastic, while modulatory inputs
converging to the same principal neuron can be plastic. However, the mechanisms determining
this input specific expression of synaptic plasticity remain unknown. We investigated this problem
in the dorsal cochlear nucleus (DCN), where principal cells integrate primary auditory nerve input
with plastic, parallel fiber input. Our previous DCN studies have shown that parallel fiber inputs
exhibit short- and long-term plasticities mediated by endocannabinoid signaling. Here we show
that auditory nerve inputs to principal cells do not show short- or long-term endocannabinoid-
mediated synaptic plasticity. Electrophysiological and electron microscopy studies indicate that
input specificity arises from selective expression of presynaptic cannabinoid (CB1) receptors in
parallel fiber terminals, but not in auditory nerve terminals. However, pairing of parallel fiber
activity with auditory nerve activity elicits plasticity in parallel fiber inputs, thus suggesting a role
for synaptic plasticity in multisensory integration.
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1. Introduction

DCN principal neurons (fusiform cells) integrate auditory signals (primary pathway) with
multimodal signals (modulatory pathway) carried by descending parallel fibers (Fig. 1A).
The integration of primary and modulatory inputs by a single neuron is a common
anatomical motif found in many brain areas including the hippocampus (Amaral, 1993),
cortex (Crick and Koch, 1998; Larkum et al., 2009; Petreanu et al., 2009), thalamus
(Sherman and Guillery, 1998), cerebellum (Shepherd, 1990), and cerebellum-like circuits of
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the electrosensory system (Berman and Maler, 1999). Numerous studies have established
that modulatory pathways show robust long-term synaptic plasticity such as LTP and LTD
(Harvey-Girard et al.; Doller and Weight, 1985; Colbert and Levy, 1992; Bell et al., 1997;
Ito, 2001; Fujino and Oertel, 2003; Bastian et al., 2004; Tzounopoulos et al., 2004). While it
has been shown that in most cases primary inputs do not show any synaptic plasticity
(Fujino and Oertel, 2003), the cellular mechanisms underlying input-specificity remain
unknown.

Here, we investigated the mechanisms underlying the input-specificity in the expression of
endocannabinoid-mediated synaptic plasticity of DCN principal neurons. Previous studies
have shown that parallel fibers exhibit long-term plasticity including classic LTP, LTD
(Fujino and Oertel, 2003) and spike-timing dependent plasticity (STDP, Tzounopoulos et al.,
2004). However, the same induction protocols that induced plastic changes in parallel fiber
inputs failed to induce LTP or STDP in auditory nerve inputs (Fujino and Oertel, 2003;
Zhao and Tzounopoulos, 2011). One of the main signaling pathways mediating synaptic
plasticity in the DCN is the endocannabinoid signaling. Our results show that auditory nerve
synapses do not exhibit any short- or long-term, endocannabinoid-mediated synaptic
plasticity because auditory nerve fibers, unlike parallel fibers, do not express cannabinoid
receptors (CB1Rs). In addition, our results show that pairing of auditory nerve input with
parallel fiber input causes LTP in parallel fiber inputs, thus suggesting a role of synaptic
plasticity in multisensory integration.

2. Materials and Methods
2.1. Electrophysiology

Coronal brain slices were made from ICR mice (P17-P25). The preparation and use of
coronal slices containing DCN has been described in detail previously (Tzounopoulos et al.,
2004). Animals were sacrificed according to methods approved by the Institutional Animal
Care and Use Committee of University of Pittsburgh. Single cells were visualized with IR
interference contrast optics and recorded using patch pipettes in either voltage- or current-
clamp modes. Fusiform cells in the DCN were identified on the basis of morphological and
electrophysiological criteria (Zhang and Oertel, 1993; Manis et al., 1994). The external
solution contained (in mM): 130 NaCl, 3 KCl, 1.2 KH,P04, 2.4 CaCl2, 1.3 MgSOyq, 20
NaHCO3, 3 HEPES, and 10 glucose; saturated with 95% 0,/5% CO». For voltage clamp
experiments, pipettes were filled with a Cs*-based solution containing (in mM): 130
CsGluconate, 10 CsCl, 2 MgCl,, 0.16 CaCl,, 0.5 EGTA, 10 HEPES, 4 Na-ATP, 0.4 Na-
GTP, and 14 Tris-Creatine phosphate. For current clamp experiments, pipettes were filled
with a K*-based internal solution containing (in mM): 113 K-gluconate, 4.5 MgCl,, 14
trisphosphocreatine, 9 HEPES, 0.1 EGTA, 4 Na-ATP, 0.3 tris-GTP, 10 sucrose. Glycinergic
IPSCs were recorded with a pipette solution that had an elevated CsCl of 70 mM with
parallel reduction in CsGluconate. All the internal solutions were adjusted to pH 7.3, ~300
mOsmol. Whole-cell recordings were performed at 31-33°C. For voltage-clamp
experiments, series resistance was monitored throughout the experiment from the size and
shape of the capacitive transient in response to a 5 mV hyperpolarization. Input resistance
was calculated from the sustained response to the same step. Experiments were not included
if the series and/or input resistance changed more than 20% throughout recording.
Excitatory or inhibitory postsynaptic responses were evoked by stimulating parallel fiber
tracts. Auditory nerve responses were evoked by stimulating the deep layer of the DCN.
EPSCs were recorded in the presence of SR95531 (20 pM) and strychnine (0.5 pM).
Glycinergic IPSCs (Fig. 2B) were recorded in the presence of NBQX (20 uM) and SR95531
(20 uM). Depolarization induced suppression of excitatory or inhibitory inputs (DSE or
DSI) was induced by a depolarization of 1s to 10mV delivered to the postsynaptic cell. The
amplitude of EPSCs or IPSCs was measured and averaged from 5-6 sweeps in each cell,
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then normalized to the average value before depolarization. EPSCs and IPSCs were evoked
every 1.5 s. DSE or DSI was reported as a percentage of average EPSC or IPSC 3s after
depolarization versus before depolarization (Zhao et al., 2009). Pairing of EPSPs with
postsynaptic action potentials was used to induce long-term potentiation/depression (LTP/
D). EPSPs were collected every 5 s (0.2Hz) before and after pairings. EPSP slope was
measured and averaged every minute (12 sweeps), then normalized to baseline
(Tzounopoulos et al., 2007). SR95531, NBQX and AM-251 were purchased from Ascent
Scientific. Strychnine and muscarine were purchased from Sigma-Aldrich. WIN-55212-2
(WIN) was purchased from Tocris Cookson. Data were acquired and analyzed using
pClamp10.1. All means are reported + SEM. Statistical comparisons were made using
unpaired two-tailed Student's t tests. Statistical significance was based on p values < 0.05.

2.2. Electron Microscopy

2.2.1. Tissue procedure for immunohistochemistry—The handling of the animals
prior to and during the experimental procedures was approved and supervised by the
University of Connecticut IACUC and followed NIH guidelines. For structural analysis 2
mice (P22) were used. Mice were anesthetized with a mixture of ketamine 60 mg/kg and
xylazine 6.5 mg/kg. After checking anesthetic depth, mice were perfused with 4%
paraformaldehyde and 0.5% gluraldehyde in 0.12 M phosphate buffer (pH 7.2) for 10 min.
Low glutaraldehyde fixation was followed by freeze-substitution as previously described
(Rubio and Wenthold, 1997; Tzounopoulos et al., 2007).

2.2.2. Freeze-substitution and postembedding immunogold labeling—Two mice
were used for the detection CB1Rs with immunogold labeling after freeze-substitution, a
protocol similar to that described in detail elsewhere was used (Rubio and Wenthold, 1997,
1999; Rubio, 2006; Tzounopoulos et al., 2007). Sections at the level of the cochlear nucleus
were dissected and processed for freeze-substitution and low-temperature embedding. For
postembedding immunocytochemistry, ultrathin sections (80 nm in thickness) on nickel
grids were incubated in sodium borohydride and glycine in Tris-buffered saline solution
with Triton X-100. After being pre-blocked with serum, the sections were incubated with the
affinity purified primary polyclonal antibody for CB1R (gift from Dr. Ken Mackie,
(Tzounopoulos et al., 2007). Primary antibody was detected with a secondary antibody
conjugated to 5nm gold particles in diameter (1:20; Amersham GE Healthcare,
Buckinghamshire, UK). No gold particles were observed on mitochondria and myelin
sheets. Control sections were prepared either in the absence of the primary antibody during
the incubation step. No gold particles were observed on the ultrathin sections after the
control procedure (data not shown). Preadsorption for CB1R was done as previously
described (Tzounopoulos et al., 2007). Ultrathin sections were analyzed with a TECNAI G2
Spirit Biotwin TEM. The images were captured with an AMT CCD camera at 68,000
magnification. Image processing was performed with Adobe Photoshop using only the
brightness and contrast commands to enhance gold particles.

Identification of presynaptic nerve terminals in the deep layer of the DCN: We used
previously established criteria to identify auditory nerve inputs terminating in the deep layer
of the DCN (Kane, 1974; Smith and Rhode, 1985; Ryugo and May, 1993; Rubio and Juiz,
2004; Rubio, 2006; Whiting et al., 2009). These criteria include: 1) location in the nucleus
(deep layers of the DCN), 2) ultrastructural characteristics including the size of presynaptic
endings, 3) synaptic vesicles that are clear and round, 4) the presence of mitochondria and 5)
the existence of multiple asymmetric synaptic contacts on the basal dendrites of fusiform
cells. Here, we limited our histological studies to the auditory nerve endings.
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3.1. Input specific DSE/DSI in DCN fusiform cells

Whole-cell recordings were made from DCN fusiform cells. It is known that
endocannabinoid signaling is a major retrograde neuromodulator, mediating short-term and
long-term synaptic plasticities of DCN parallel fibers inputs (Tzounopoulos et al., 2007,
Zhao et al., 2009; Zhao and Tzounopoulos, 2011). However, it remains unknown whether
auditory nerve inputs exhibit endocannabinoid-mediated synaptic plasticity. Postsynaptic
depolarization promotes endocannabinoid release, which leads to a transient depolarization-
induced suppression of inhibitory and excitatory inputs (DSI and DSE, respectively) (Llano
etal., 1991; Pitler and Alger, 1994; Kreitzer and Regehr, 20014, b; Ohno-Shosaku et al.,
2001; Wilson and Nicoll, 2001). Postsynaptic depolarization failed to reveal DSE in
auditory nerve inputs, indicating the absence of endocannabinoid signaling at auditory
nerve-fusiform cells synapses (Fig. 1B). Previous studies in the DCN have revealed that
endocannabinoid signaling can be evoked by postsynaptic depolarization or by the pairing of
EPSPs and action potentials (Tzounopoulos et al., 2007; Zhao et al., 2009). Pairing of EPSPs
with action potentials leads to endocannabinoid-mediated LTD in parallel fiber synapses to
cartwheel cells (Tzounopoulos et al., 2007). The same induction protocol when paired with
synaptic activation of muscarinic acetylcholine receptors (mMAChRSs) leads to
endocannabinoid-mediated LTD in parallel fiber-fusiform synapses (Zhao and
Tzounopoulos, 2011). However, pairing of EPSPs with action potentials (EPSP-AP, at 5ms
intervals) did not reveal any LTP or LTD in auditory nerve-fusiform synapses (Zhao and
Tzounopoulos, 2011). When the temporal order of pairing was reversed such as that action
potentials were followed by EPSPs (AP-EPSP, at 5ms intervals), no long- or short-term
plasticity was induced (Figure 1C). Taken together, these data indicate that
endocannabinoid-mediated short and long-term plasticities are not affecting synaptic
strength of auditory nerve inputs to fusiform cells. In contrast, identical manipulations
modulate synaptic strength of parallel fiber inputs to fusiform cells.

3.2. Enhancement of endocannabinoid synthesis by activation of mMAChRs does not reveal
endocannabinoid signaling in auditory nerve inputs

Endocannabinoids are synthesized and released from postsynaptic neurons and act as
retrograde messengers that modulate synaptic transmission. This modulation occurs via
activation of presynaptic CB1Rs (Freund et al., 2003; Piomelli, 2003; Chevaleyre et al.,
2006; Hashimotodani et al., 2007). Therefore, absence of endocannabinoid signaling could
be due to pre- or postsynaptic mechanisms. To determine whether the lack of
endocannabinoid-mediated modulation in auditory nerve-parallel fiber synapses is due to
insufficient release of endocannabinoids, we used muscarine (10pM, a muscarinic receptor
agonist) to enhance endocannabinoid release from fusiform cells. Previous studies have
reported that endocannabinoid signaling is enhanced by activation of muscarinic
acetylcholinergic receptors (mMAChRs) (Kim et al., 2002; Fukudome et al., 2004; Narushima
et al., 2007; Uchigashima et al., 2007; Zhao and Tzounopoulos, 2011). Bath application of
muscarine increased DSE of parallel fiber inputs (Fig. 2A). Furthermore, application of
muscarine revealed DSI in the synaptic strength of glycinergic inhibitory inputs to fusiform
cells (Fig. 2B), which is absent under control conditions (Zhao et al., 2009). DSI was
mediated by endocannabinoids as it was blocked by AM251 (CB1R antagonist, 1 puM, Fig.
2B). However, identical bath application of muscarine did not reveal DSE at auditory nerve
synapses to fusiform cells (Fig. 2C). Taken together, these results suggest that even under
conditions that enhance endocannabinoid release and enhance endocannabinoid signaling in
the molecular layer of the DCN, endocannabinoid signaling is not recruited in the auditory
nerve inputs.
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3.3. Input-specific endocannabinoid signaling is determined by input-specific expression

of CB1Rs

Next, we tested whether functional CB1Rs are expressed on auditory nerve fibers. We bath
applied WIN-55,212-2 (WIN 1 uM, CB1R agonist); if there are CB1Rs localized on the
presynaptic terminals, then WIN application is expected to lead to synaptic suppression.
When WIN-55,212-2, was bath applied, no change in synaptic strength of auditory nerve
inputs was observed (Fig. 3A), indicating that auditory nerve terminals are not expressing
functional CB1Rs. This interpretation was confirmed through EM immunolocalization of
CB1Rs (Fig. 3B). Postembedding immunolocalization was performed using antibodies
directed against the entire C terminus (Fig. 3B). The number of gold particles for CB1Rs
was very low on the auditory endings (1-4 range along the entire surface). The five-
nanometer gold particles were found in the cytoplasm, and were not observed in areas facing
the postsynaptic density. To discard the possibility of technical issues during the tissue
preparation and the postembedding immunogold labeling, we analyzed the molecular layer
that is enriched with CB1Rs expressed at the parallel fiber boutons terminating on cartwheel
cells. As we previously reported (Tzounopoulos et al., 2007), gold particles were observed at
the plasma membrane of parallel fibers facing the synapse and in the postsynaptic density of
cartwheel cells (data not shown). Taken together, our data show that the input specificity of
endocannabinoid-mediated synaptic plasticity is caused by input-selective expression of
CB1Rs at terminals of parallel fibers, but not at the auditory nerve terminals.

3.4. Auditory nerve activity triggers plasticity of parallel fibers inputs

Although auditory nerve inputs to fusiform cells do not show short- or long-term plasticity,
it is possible that the auditory nerve could modulate synaptic strength of parallel fiber inputs.
To explore this possibility, we used a two-pathway pairing protocol. Parallel fiber and
auditory nerve inputs were stimulated with two different stimulating electrodes (Fig. 4A).
The amplitude of the stimulus to each group was adjusted so that both evoked EPSPs were
subthreshold. Pairing was done in current clamp; a parallel fiber stimulus was followed by
auditory nerve stimulus so that summation of the two responses always resulted to a spike.
Five such pairs were delivered at 100 ms intervals followed by a 5-s pause, and repeated 10
times (Fig. 4B). This pairing protocol induced a significant amount of LTP at the parallel
fiber EPSPs (Fig. 4C), indicating that coincident synaptic activation of auditory nerve inputs
provides the trigger for the induction of LTP of parallel fiber inputs.

4. Discussion

We used electrophysiological and anatomical techniques to study the mechanisms
underlying input specificificity of endocannabinoid-mediated synaptic plasticity in the DCN.
Our findings show that differences in endocannabinoid-mediated synaptic plasticity can be
ascribed to input-specific differences in the targeting of presynaptic CB1Rs. The lack of
CBI1R expression in the auditory nerve fibers innervating the basal dendrites of principal
neurons, determines the lack of endocannabinoid-mediated short- and long-term plasticities
in these synapses. In contrast, parallel fibers innervating the apical dendrites of principal
neurons express CB1Rs and thus express short- and long-term endocannabinoid-mediated
synaptic plasticity. While auditory nerve inputs do not exhibit endocannabinoid-mediated
synaptic plasticity, they provide the trigger for inducing synaptic plasticity of the parallel
fiber inputs, analogous to the climbing fiber and parallel fiber in the cerebellum.

4.1 Input and cell-specific endocannabinoid signaling determines input- and cell-specific
synaptic plasticity

Input-specific short- and long-term plasticities have been previously observed in different
neural circuits. Target cells may determine the probability of release and short- term
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plasticity of synapses, thus allowing for the same fibers to influence their targets
differentially (Thomson, 1997; Markram et al., 1998; Reyes et al., 1998; Toth et al., 2000;
Rozov et al., 2001; Pouille and Scanziani, 2004). Here, we reveal that different fibers
innervating the same principal neuron show differential expression of CB1Rs and thus only
specific terminals can modify their Pr by postsynaptically released endocannabinoids.
Previous studies have revealed that excitatory and inhibitory terminals innervating the same
neuron express different amount of CB1Rs. In most brain areas, including the hippocampus,
cerebellum, and striatum, inhibitory synapses are more sensitive to endocannabinoids than
excitatory synapses, as a result of higher levels of CB1Rs at inhibitory inputs (Ohno-
Shosaku et al., 2002; Brenowitz et al., 2006; Uchigashima et al., 2007). The arrangement
and abundance of endocannabinoid signaling molecules in the DCN differs from other brain
regions as previous studies have revealed that inhibitory terminals express lower levels of
CB1Rs than excitatory terminals (Zhao et al., 2009). The lack of CB1Rs in auditory nerve
terminals imposes complete lack of endocannabinoid signaling, thus ensuring that auditory
nerve terminals are non-plastic even under neuromodulatory influence.

4.2 The origin of excitatory inputs terminating in the deep layer of the DCN

Electrical stimulation of deep layer activates excitatory auditory inputs arising from auditory
nerve fibers and perhaps also from mulitipolar (D-type) cells or from descending inputs
(Oertel et al., 1990; Doucet and Ryugo, 2003; Oertel and Young, 2004). In agreement with
these reports, we also observed another type (not auditory nerve type) of presynaptic
endings that is distributed within the deep layer of the DCN. These endings are larger, they
show more electrondense axoplasm and they display darker synaptic vesicles compared to
the auditory nerve endings (Rubio and Juiz, 2004). Thus, we hypothesize that these endings
belong to D-type multipolar cells or to descending inputs. While our electrophysiological
recordings cannot discriminate between these different types of inputs, our EM results on
anatomically identified auditory nerve terminals further support the lack of CB1Rs on
auditory nerve terminals.

4.3 Functional relevance of parallel fiber synaptic plasticity

Our results indicate that coordinated activation of parallel fiber inputs with auditory nerve
inputs induces synaptic plasticity in the parallel fiber inputs, and thus this plasticity maybe
involved in associative mediated learning or adaptation. Hebbian STDP has been linked with
associative forms of learning such as the creation of a memory trace that sensitizes the
circuit to particular profiles of subsequent sensory stimuli (Yao and Dan, 2001) and with
training and deprivation-induced receptive field plasticity in sensory cortex (Feldman and
Brecht, 2005; Dan and Poo, 2006). Therefore, Hebbian synaptic learning rules may create a
memory trace (Yao and Dan, 2001) that sensitizes the DCN to particular profiles of
subsequent auditory and nonauditory stimuli. In addition, our findings unmask a role for
STDP in mediating multisensory integration in the DCN. Multisensory integration has been
previously reported in the DCN (Shore, 2005). Our results suggest that an important factor
in multisensory maturation is the temporal synchrony of different sensory inputs (Wallace
and Stein, 2007). Presumably, experience with temporally coincident cross-modal stimuli
leads to a physiological binding of these stimuli that is reflected through the strengthening of
parallel fiber synapses.
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Figure 1.

Auditory nerve inputs that synapse onto fusiform cells do not show short- or long-term
endocannabinoid-mediated synaptic plasticity. (A) Simplified circuitry of dorsal cochlear
nucleus (DCN). (B) Depolarization to 10mV of fusiform cells for 1s fails to induce DSE in
auditory nerve inputs (average DSE 3 s after depolarization: 0.7% + 9.8%; n=6). Traces
represent EPSCs taken 1-3 s before and after depolarization. (C1-3) Pairing of spikes and
EPSC:s fail to induce STDP in auditory nerve inputs. (C1) STDP induction protocol
composed of 5 pairs, at 100ms interval, repeated 10 times at 0.2 Hz. (C2) Representative
traces of EPSPs before and 15-20 min after the pairing protocol. (C3) Average time course
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of auditory nerve EPSPs before and after pairing (97% + 8%, 15-20 min after pairing, n =
5); Arrow indicates when the STDP induction protocol was applied.
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Activation of muscarinic receptors enhanced endocannabinoid signaling at parallel fibers
and at inhibitory terminals found in the molecular layer, but not at auditory nerve fibers. (A)
Muscarine (mAChR agonist, 10 uM) increased DSE at parallel fiber to fusiform cell
synapses (control; average DSE 3 s after depolarization: 15.1% * 3.1%; n=6; muscarine;
average DSE 3 s after depolarization: 31.4% = 2.8%; n=6, p<0.05). (B) Application of
MACHhR agonist reveals DSI of molecular layer glycinergic inputs. Time course of DSI,
induced by 1 s depolarization (control: average DSI 3 s after depolarization: —2.5% + 5%;
n=6; muscarine: average DSI 3 s after depolarization: 28.7% + 6%; n=6, p<0.05; muscarine
+AM-251: —5% + 4%, n=5), Negative DSI values indicate that the average response was
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increased after depolarization. (C) Auditory nerve EPSCs do not show DSE, in control or in
the presence of muscarine. Time course of DSE, induced by 1 s depolarization (control
taken from 1B; average DSE 3 s after depolarization: 0.7% * 9.8%; n=6; muscarine; average
DSE 3 s after depolarization: 7.9% + 4.2%; n=6, p>0.05). Traces represent parallel fiber
EPSCs (A) or IPSCs (B) and auditory nerve EPSCs (C) taken 1-3 s before and after
depolarization.
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Figure 3.

Auditory nerve terminals do not express CB1 receptors. (A) CB1R agonist (WIN, 1 uM)
does not decrease EPSCs originating from activation of auditory nerve fibers, suggesting the
lack of CB1R expression in auditory nerve inputs. Time course of 1 uM WIN-55212-2 block
of transmission in fusiform cells when stimulating the deep layer of the DCN (WIN: 96% *
10%, n = 5, 25-30 min after WIN application, p>0.05). (B) Auditory nerve terminals are not
expressing CB1Rs. Electron micrographs show representative images of the auditory nerve
(AN) terminals on fusiform cells of the DCN. Postembedding immunogold labeled for
CB1Rs (5nm gold particles). Gold labeling is very low (1-4 particles along the entire
surface of the ending) and it is observed in the cytoplasm (arrows). Scale bar: 0.2 um.
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Pairing of parallel fiber stimulation with auditory nerve stimulation induces LTP in parallel
fiber inputs. (A) Schematic illustration of the location of recording (Rec) and stimulation
electrodes activating parallel fiber (PF) and auditory nerve (AN) inputs. (B1) Long-term
potentiation was induced with a protocol, composed of 5 pairs of parallel fiber and auditory
nerve inputs, at 100 ms interval, repeated 10 times at 0.2 Hz. (B2) Representative responses

of a pairing between parallel fiber and auditory nerve stimulation (left); examples of

averaged traces before and 15-20 min after the pairing protocol (right). (C) Time course of

induced long-term plasticity (LTP: 145% + 13%, 20-25 min, n =5, p < 0.05); Arrow

indicates when the STDP induction protocol was applied.
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