euro

New Research

Neuronal Excitability

Context-Dependent Modulation of Excitatory
Synaptic Strength by Synaptically Released Zinc

Bopanna I. Kalappa and ““Thanos Tzounopoulos

DOl:http://dx.doi.org/10.1523/ENEURO.0011-17.2017
Departments of Otolaryngology and Neurobiology, University of Pittsburgh, Pittsburgh, PA 15261

Abstract

Synaptically released zinc inhibits baseline excitatory neurotransmission; however, the role of this neuromodu-
lator on short-term plasticity during different levels of synaptic activity remains largely unknown. This lack of
knowledge prevents our understanding of information transfer across zinc-releasing synapses, including 50% of
excitatory synapses in cortical areas. We used in vitro electrophysiology in mouse brain slices and discovered that
the effects of zinc on excitatory postsynaptic current (EPSC) amplitudes are context-dependent. At lower
frequencies of activity, synaptically released zinc reduces EPSC amplitudes. In contrast, at higher stimulation
frequencies and vesicular release probability (Pr), zinc inhibits EPSC amplitudes during the first few stimuli but
leads to enhanced steady-state EPSC amplitudes during subsequent stimuli. This paradoxical enhancement is
due to zinc-dependent potentiation of synaptic facilitation via the recruitment of endocannabinoid signaling.
Together, these findings demonstrate that synaptically released zinc is a modulator of excitatory short-term

plasticity, which shapes information transfer among excitatory synapses.
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ignificance Statement

In many brain areas, including the neocortex, limbic structures, and auditory brainstem, glutamatergic nerve

terminals contain zinc in their synaptic vesicles. Zinc is loaded into these vesicles by zinc transporter 3 and

is coreleased with glutamate. Synaptically released zinc is an inhibitory neuromodulator in excitatory

synapses, but the role of zinc in short-term plasticity remains unknown. Our results suggest that zinc shapes

excitatory synaptic strength in a manner dependent on frequency and activity level. Namely, during low

vesicular release probability (Pr) and low-frequency stimulation, zinc inhibits EPSCs; during higher Pr and
\prolonged presynaptic stimulation, zinc enhances steady-state EPSCs. j

~

Introduction

Zinc is an essential element for cellular function. Diva-
lent zinc is a cofactor in a large number of enzymes and
regulatory proteins (Vallee, 1988), and as such, the chem-
istry and biology of zinc metalloproteins have historically
dominated the field of zinc biology. However, in recent
years there has been growing evidence for a signaling role
of mobile chelatable zinc, which is released in tissues
such as the prostate, pancreas, and brain (Frederickson
et al., 2005; Kelleher et al., 2011). In the brain, the vesic-
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ular zinc transporter, ZnT3, sequesters zinc into synaptic
glutamatergic vesicles in many excitatory synapses. In the
cortex, more than 50% of excitatory presynaptic terminals
have vesicles that contain ZnT3, attesting to zinc’s impor-
tance in synaptic transmission (Sindreu et al., 2003; Fred-
erickson et al., 2005). Recent studies used novel tools for
chelating and tracking zinc in central synapses and es-
tablished that zinc is a phasically released inhibitory neu-
romodulator in excitatory synapses. In response to a
single presynaptic action potential, synaptic zinc is re-
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leased from the presynaptic terminal and inhibits postsyn-
aptic glutamate AMPA and NMDA receptor EPSCs
(NMDARs/AMPARS) via postsynaptic mechanisms (Pan
et al., 2011; Kalappa et al., 2015). Moreover, during brief
repetitive synaptic stimulation, zinc inhibits synaptic and
extrasynaptic glutamate NMDARSs via postsynaptic mech-
anisms (Vergnano et al., 2014; Anderson et al., 2015) and
is necessary—along with GPR39, a putative metabotropic
zinc-sensing receptor—for activation of endocannabinoid
signaling and inhibition of vesicular release probability (Pr;
Perez-Rosello et al., 2013).

Zinc is released from glutamatergic vesicles and inhibits
excitatory synaptic strength via pre- and postsynaptic
mechanisms. Therefore, it is essential to study the mech-
anisms and dynamics of zinc modulation of excitatory
neurotransmission during ongoing synaptic activity. The
determination of these mechanisms will be crucial for
understanding the role of synaptically released zinc in
information transfer among excitatory synapses during
different levels of synaptic activity. To study this issue, we
combined electrophysiological, pharmacological, and ge-
netic techniques.

Materials and Methods

Animals

In this study, we used male or female ICR mice (Harlan
Laboratory) and ZnT3 wild-type (WT) and knockout (KO)
littermate mice (Jackson Laboratory) aged from postnatal
day 18 (P18) to P28. All animal procedures were approved
by the Institutional Animal Care and Use Committee of the
University of Pittsburgh, Pittsburgh, PA.

Electrophysiology

Brain slice preparation and electrophysiological exper-
iments were carried out using extracellular solution artifi-
cial cerebrospinal fluid (ACSF) of the following
composition (in mm): 130 NaCl, 3 KCI, 1.2 CaCl,-2H,0, 1.8
MgCl,-6H,0, 20 NaHCOg3, 3 Hepes, and 10 p-glucose,
saturated with 95% 0O,/5% CO, (vol/vol), pH 7.25-7.35,
~300 mOsm. To minimize changes in excitability of par-
allel fibers when switching ACSFs, divalent ion concen-
trations were optimized as follows: 1.2 mm external
calcium ACSF consisted of 1.2 mm CaCl, and 1.8 mm
MgCl,, and 2.4 mm external calcium ACSF consisted of
2.4 mm CaCl, and 0.6 mm MgCl,. Contaminating zinc was
removed from the ACSF by stirring the ACSF with Chelex
100 resin (Bio-Rad) for 1 h. High-purity CaCl,-2H,O and
MgCl,-6H,0 salts (99.995% purity; Sigma-Aldrich) were
added to the ACSF after the Chelex resin was filtered
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using Nalgene rapid-flow filters lined with polyethersul-
fone (0.2-um pore size). All plastic and glassware used in
these experiments were washed with 5% high-purity nitric
acid. For brain slice preparations, mice were first anes-
thetized with isoflurane (3%) and then immediately decap-
itated. Brains were rapidly removed, and coronal slices
(210 wm) of the left dorsal cochlear nucleus (DCN) were
prepared in 1.2 mm external calcium containing ACSF at
35°C using a Vibratome (VT1200 S; Leica). Slices were
then transferred to a holding chamber, where they were
incubated for ~60 min at 35°C. After incubation, slices
were maintained at room temperature and used for ex-
periments up to a duration of 4 h. For electrophysiological
experiments, slices were transferred into the recording
chamber and perfused with ACSF at a rate of 1-2 ml/min.
Cartwheel cells in the molecular layer of the DCN were
identified by their characteristic firing pattern that consists
of simple and complex spikes (Zhang and Oertel, 1993;
Manis et al., 1994; Tzounopoulos et al., 2004). Electro-
physiological recordings were made using a MultiClamp-
700B amplifier equipped with Digidata-1440A A/D
converter (Molecular Devices). Whole-cell voltage-clamp
recordings were conducted at —40 mV holding potential,
except for Figs. 1 and 6, where neurons were held at =70
mV. For whole-cell recordings, we used borosilicate fire-
polished glass pipettes with filament (Sutter Instruments).
Recording pipettes were filled with a cesium-based inter-
nal solution with the following composition (in mm): 126
CsCH3043S, 4 KClI, 10 Hepes, 4 Na,ATP, 0.3 Tris-GTP, 10
Tris-phosphocreatine, 1 Cs,EGTA, 1 QX-314, and 3 so-
dium ascorbate (pH 7.25, 295 mOsm), 3-5 M(} resistance.
Experimental results reported in Figs. 1 and 6 were con-
ducted using a K-based internal solution containing (in
mM) 113 K-gluconate, 4.5 MgCl,-6H,O, 14 Tris-
phosphocreatine, 9 Hepes, 0.1 EGTA, 4 Na,ATP, 0.3
Tris-GTP, and 10 sucrose (pH 7.3, 300 mOsm). Record-
ings were conducted at 34-37°C using an inline heating
system. Electrode series resistance was compensated at
70%-80% on-line using a 10-us lag. Data were sampled
at 10 or 20 kHz and filtered at 4 or 8 kHz. AMPA EPSCs
in cartwheel cells were evoked by stimulating parallel
fibers with an Isoflex stimulator (AMPI) using ACSF con-
taining glass theta electrodes. AMPA EPSC peak ampli-
tudes were measured from the baseline obtained by
extrapolating the decay of the preceding AMPA EPSC
using a single-exponential function. All experiments were
conducted in the presence of glycine and GABA, receptor
blockers, strychnine (1 um), and SR95531 (20 um), respec-
tively. To validate that NMDARs do not contribute to the
zinc-mediated effects during the train, experiments in Fig.
2 and Fig. 3 were conducted in the presence of 50 um of
NMDAR antagonist, DL-APV. ZX1 (100 um), AM-251 (1
um), WIN 55, 212-2 (50 nwm), cyclothiazide (100 um), and
kynurenic acid (0.5-1 mm) were always bath applied. All
drugs were dissolved in deionized water, except for WIN
55, 212-2, which used DMSO as vehicle; the final con-
centration of DMSO was <0.5%. The experimenter was
blinded to the genotype in experiments involving ZnT3WT
and ZnT3KO mice. Once the experimenter completed the
analysis of experiments from individual mice, he received
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Figure 1. Frequency- and history-dependent effects of synapti-
cally released zinc on AMPA EPSCs. A-C, Representative traces
of cartwheel cell AMPA EPSCs evoked by 20-pulse train stimu-
lation of parallel fiber at 5 Hz (A), 20 Hz (B), and 50 Hz (C middle
panel), before (grey) and after 100 uM ZX1 (blue); (C side panels)
same as in upper panel but zoomed on the first 2 pulses (left) and
the last 5 pulses (right). For improved visualization, responses
after ZX1 are slightly shifted to the right. D, Summary graph
showing the ratio of AMPA EPSCs in ZX1 to that in control at
each pulse at 5 Hz (maroon), 20 Hz (orange), and 50 Hz (blue). E,
Summary graph comparing the ratio of AMPA EPSCs in ZX1 to
that in control for the first two and last five pulses in the 20-pulse
train at 5 Hz (maroon, n = 10, p = 0.82), 20 Hz (orange, n = 10,
p = 0.63), and 50 Hz (blue, n = 10, p < 0.01). Values represent
mean *= SEM. Detailed values and statistical tests: D, E, ZX,_,/
controly_, vs. ZX;g_so/CONtrol g _oo: 5 Hz: 1.51 = 0.07 vs. 1.55 =
0.08,n = 10,p = 0.82,t = 0.24, df = 9; 20 Hz: 1.47 = 0.09 vs.
1.41 = 0.06,n = 10, p = 0.63,t = 0.49, df = 9; 50 Hz: 1.44 =
0.07 vs. 0.86 = 0.08,n = 10, p < 0.01, t = 5.45, df = 9; paired
t-tests; ZX,_,/control,_,: 5 Hz vs. 20 Hz, p = 0.65, t = 0.46, df =
9; 5Hz vs. 50 Hz, p = 0.38, t = 0.92, df = 9; 20 Hz vs. 50 Hz,
p = 0.68, t = 0.42, df = 9; ZX,g_s¢/cONtrol;5_s0. 5 Hz vs. 20
Hz,p = 0.09,t = 1.87,df = 9; 5 Hzvs. 50 Hz, p < 0.01, t =
5.09, df = 9; 20 Hz vs 50 Hz, p < 0.01, t = 4.98, df = 9; paired
t-tests; AMPA EPSC amplitudes,g_,o: control: 50 Hz: 1.00 =
0.00 vs. ZX1: 0.86 = 0.08, p = 0.042, t = 2.36, df = 9;
one-sample t-test.

information regarding the grouping of mice. After the
experimenter averaged the data from the two groups of
mice, he was informed on the genotype of the two groups.

January/February 2017, 4(1) e0011-17.2017

New Research 3 0of 10
A Control B ZX1
50 Hz 50 Hz
[300 pA 1.2 mM Ca, |ﬂ)0p/'\ 1.2mM Ca,
40 ms 2.4 mM Ca _40 ms 2.4 mM Ca
2000 1
g_ 1500 L
O 1000 J
4
w 500
1 2mM Ca, 1.2 mM Ca,
0 2.4 mM Ca L 2.4 mM Ca,
0 5 10 15 20 0 5 10 15 20

Pulse number Pulse number

C ztawr D

ZnT3 KO
50 Hz 50 Hz
[300PA  12mMCa, OOPA 1.2mM Ca,
40ms 24mMCa 40ms 24mMCa

i T

2000
< 1500
2 '"";.
O 1000 1IIII1T
% 1
o =11
w500
1 2mM Ca, 1.2 mM Ca,
0 2.4 mM Ca 2.4 mM Ca,
) 5 10 15 26 0 5 10 15 20

Pulse number Pulse number

Figure 2. ZnT3-dependent, synaptically released zinc enhances
EPSCgs in high Pr. A, B, Upper panels, representative traces of
AMPA EPSCs evoked by 50-Hz 20-pulse train in 1.2 mwm (gray)
and 2.4 mwm (color) external calcium in control (A) and ZX1 (B).
Lower panels, summary graphs showing average AMPA EPSC
amplitudes during the train in 1.2 mm (gray) and 2.4 mwm (color)
external calcium in control (A) and ZX1 (B; EPSC,¢_5, amplitude:
control: 1.2 vs. 24 mm:n = 7,p<0.01; ZX1: 1.2 vs. 24 mm: n =
7,p = 0.09). C, D, Upper panels, representative traces of AMPA
EPSCs evoked by 50-Hz 20-pulse train in 1.2 mm (black) and 2.4
mw (gray or green) external calcium in ZnT3WT (C) and ZnT3KO
mice (D). Lower panels, summary graphs showing average
AMPA EPSC amplitudes during the train in 1.2 mm (black) and
2.4 mm (gray or green) external calcium in ZnT3WT (C) and
ZnT3KO mice (D; ZnT3 WT: 1.2 vs. 24 mm: n = 5, p < 0.01;
ZnT3KO: 1.2 vs. 2.4 mm: n = 5, p = 0.24). Values represent mean
+ SEM.

Detailed values and statistical tests. A, B, lower panels:
EPSC,4_s0 amplitude: control: 1.2 mm calcium: 1109 pA = 90 pA
vs. 2.4 mm calcium: 1605 pA = 147 pA,n = 7, p < 0.01, F =
40.89, DFn = 1, DFd = 60; ZX1: 1.2 mm calcium: 1158 pA *= 75
pA vs. 2.4 mm calcium: 1301 pA £ 116 pA,n =7,p = 0.09, F =
2.9, DFn = 1, DFd = 60; two-way ANOVA. C, D, lower panels:
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continued

EPSC,4_s0 amplitude. ZnT3WT: 1.2 mm calcium: 996 pA = 95 pA
vs. 2.4 mm calcium: 1564 pA = 135 pA, n = 5, p < 0.01, F =
58.51, DFn = 1, DFd = 40; ZnT3KO: 1.2 mm calcium: 750 pA =
185 pA vs. 2.4 mm calcium: 876 pA = 156 pA,n = 5, p = 0.24,
F = 1.40, DFn = 1, DFd = 40; two-way ANOVA.

Drugs

SR95531, DL-APV, and strychnine were purchased
from Hello-Bio. AM-251, WIN 55, 212-2, QX-314, cy-
clothiazide, and kynurenic acid were purchased from Toc-
ris. ZX1 was purchased from STREM Chemicals.

Statistics

For statistical comparisons, paired t tests and unpaired
t tests were used if the group data passed the Lilliefors
test for normality. If the group data were not normally
distributed, then the Wilcoxon rank sum test was used.
For normalized data, one-sample t-test was used. We
used two-way ANOVA for comparisons of data groups
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Figure 3. Endocannabinoid signaling is necessary for the zinc-
mediated enhancement of EPSCgq. A, Upper panel, representa-
tive traces of AMPA EPSCs, evoked by 50-Hz 20-pulse train, in
the presence of 1 um AM-251 before (gray) and after ZX1 (or-
ange). Lower panel, summary graph showing average ratios of
AMPA EPSCs in the presence of ZX1 to that in control during the
train (ZX _o/control,_, vs. ZX g_n¢/cONtrol,g_»o: 50 Hz: n = 5, p =
0.13). B, Upper panel, representative traces of AMPA EPSCs
evoked by 50-Hz 20-pulse train in 1.2 mm (gray) and 2.4 mm
(orange) external calcium in the presence of AM-251. Lower
panel, summary graph showing average AMPA EPSC ampli-
tudes during the train in 1.2 mm (gray) and 2.4 mwm (orange)
external calcium in the presence of AM-251. (EPSC5_5, ampli-
tude in AM-251: 1.2 vs. 2.4 mwm calcium, n = 5, p = 0. 09). Values
represent mean = SEM.

Detailed values and statistical tests: A, lower panel: ZX,_,/con-
troly_, vs. ZX4g_op/CONtrolys_oo: 50 Hz: control: 1.47 = 0.06 vs.
ZX1:1.36 £ 0.08,n = 5,p = 0.13, t = 1.4, df = 9; paired t-test.
B, lower panel: EPSC,4_,, amplitude: AM-251: 1.2 mm calcium:
805 pA = 97 pA vs. 2.4 mm calcium: 921 pA = 80 pA,n = 5,p
= 0.19, F = 1.7, DFn = 1, DFd = 40; two-way ANOVA.
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including multiple Ca levels shown in Figs. 2, 3B, 4B, 4D,
5A, 5B, 6A, 6G, and 7B.

Results

Synaptically released zinc enhances steady-state
AMPA EPSC during high Pr and high-frequency
trains

To investigate the impact of synaptically released zinc
in neurotransmission during different frequencies and lev-
els of synaptic activity, we studied zinc-mediated neuro-
modulation in cartwheel cells. Cartwheel cells represent a
class of inhibitory interneurons located in the molecular
layer of the DCN, a cerebellar-like structure in the auditory
brainstem (Oertel and Young, 2004). Cartwheel cells re-
ceive glutamatergic input from zinc-rich parallel fibers
(PFs; Frederickson et al., 1988). In response to PF stim-
ulation by a 20-pulse train at 5 or 20 Hz, zinc chelation
with the extracellular, high-affinity, fast chelator, ZX1 (Pan
et al.,, 2011; Anderson et al., 2015), potentiated AMPA
EPSC amplitudes (Fig. 1A, B). Moreover, the amount of
this increase was constant throughout the stimulus train
(Fig. 1A, B, D, E). This result suggests that the effect of
zinc is a steady subtractive inhibition of AMPA EPSC,
readily predicted by the postsynaptic inhibitory effect of
zinc on AMPARSs in response to a single stimulus (Kalappa
et al., 2015). In contrast to these findings, during the
20-pulse stimulation at 50 Hz, ZX1 enhanced AMPA
EPSC in the first two to four pulses but, paradoxically,
inhibited steady-state responses (EPSCgg) during the last
four pulses (Fig. 1C-E). This result suggests that the
modulatory effects of zinc depend on the history of the
synapse: during high-frequency stimulation, zinc inhibits
EPSCs for the first few stimuli, but later in the stimulus
train, it enhances EPSCgg. Given the known inhibitory role
of zinc on synaptic strength, the zinc-mediated enhance-
ment of EPSCgg was unexpected.

The zinc-dependent enhancing effect on EPSCgq was
observed during high-frequency stimulation, which is as-
sociated with increases in Pr. To further interrogate the
influence of Pr on EPSCgg amplitudes, we manipulated Pr
by using different extracellular calcium concentrations
(Ca,). Within the same cell, increasing Ca, from 1.2 mm
(low Pr) to 2.4 mm (high Pr) resulted in an increase in
EPSCgsgs amplitude (Fig. 2A). Previous studies on the ho-
mologous cerebellar PF synapses onto Purkinje neurons,
which lack synaptic zinc, showed that alterations in Pr do
not affect EPSCgg amplitudes during 50-Hz trains (Kre-
itzer and Regehr, 2000). Because zinc enhances AMPA
EPSCgg in DCN synapses during high-frequency trains
(Fig. 1C, E), we hypothesized that zinc signaling is nec-
essary for the increase in steady-state responses in higher
Ca,. To test this hypothesis, we conducted similar exper-
iments as in Fig. 2A but in the presence of ZX1. In these
experiments, stimulation of PFs using the same 20-pulse
50-Hz train resulted in AMPAR EPSCgg amplitudes that
were not different between high and low Pr conditions
(Fig. 2B). These results suggest that during high-
frequency stimulation, endogenous zinc enhances EP-
SCgs in higher Pr.
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To determine whether synaptically released zinc was
required for the enhanced EPSCgg during high-frequency
stimulation, we investigated EPSCss in PF to cartwheel
cell synapses from mice lacking the ZnT3 transporter
(ZnT3KO mice), which lack synaptically released zinc
throughout the brain (Cole et al., 1999). In ZnT3KO mice,
EPSCgs evoked by a 20-pulse train stimulus at 50 Hz did
not differ between 1.2 and 2.4 mm Ca, (Fig. 2D), but
EPSCgs in ZNT3WT mice were larger in 2.4 mm Ca,, (Fig.
2C). Given that tonic zinc levels in the DCN are ZnT3
independent (Anderson et al., 2015), these results suggest
that ZnT3-dependent synaptically released zinc enhances
EPSCqq in high Pr.

Synaptic zinc-mediated endocannabinoid signaling
enhances steady-state AMPAR EPSC by enhancing
synaptic facilitation

Zinc triggers endocannabinoid release after trains of
presynaptic action potentials (Perez-Rosello et al., 2013).
We therefore tested whether endocannabinoid signaling
is necessary for the zinc-dependent enhancement of
EPSCgs. In the presence of 1 um AM-251, a cannabinoid
receptor 1 specific antagonist (Lan et al., 1999), we did
not observe any change in the amount of ZX1 potentiation
throughout the 50-Hz stimulation (Fig. 3A). Moreover, in
ZX1, EPSCgg were not different between 1.2 and 2.4 mm
Ca, (Fig. 3B). These results suggest that endocannabinoid
signaling is necessary for the zinc-dependent enhance-
ment of EPSCgg.

By reducing Pr (Kreitzer and Regehr, 2002; Wilson and
Nicoll, 2002), endocannabinoid signaling may also reduce
the effect of postsynaptic factors that inhibit EPSCgg,
such as receptor saturation and desensitization (Trussell
et al., 1993; Wadiche and Jahr, 2001; Chen et al., 2002;
Foster et al., 2002). Alternatively, endocannabinoid signal-
ing may enhance presynaptic factors that also enhance
EPSCgg, such as synaptic facilitation (Zucker and Regehr,
2002).

First we investigated whether reductions in AMPAR
saturation or desensitization contribute to enhanced
EPSCgs. Namely, in ZX1, we measured the effect of
kynurenic acid (0.5-1 mwm) or cyclothiazide (100 wm) in
EPSCgg, with either 1.2 or 2.4 mm Ca,. Kynurenic acid is
a competitive AMPAR antagonist (Fig. 4A) that inhibits
receptor saturation, and cyclothiazide is an allosteric
modulator (Fig. 4C) that inhibits AMPAR desensitization
(Partin et al., 1994, 1996; Neher and Sakaba, 2001;
Prescott et al., 2006). If the enhancing effect of zinc on
EPSCss was mediated by a zinc-driven decrease in
AMPAR saturation or desensitization, blockade of these
processes would enhance EPSCgg in high Pr even in the
presence of ZX1. Under these conditions, high Pr did not
enhance EPSCgs (Fig. 4B, D), suggesting that the enhanc-
ing effect of zinc on EPSCgg is not due to either AMPAR
saturation or desensitization.

Next we investigated whether endogenous zinc en-
hances EPSCgg by endocannabinoid-mediated Pr reduc-
tion and a subsequent enhancement of synaptic
facilitation. Consistent with this hypothesis, ZX1 de-
creased AMPA EPSC facilitation at 50 Hz (Fig. 5A). In
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Figure 4. AMPAR saturation or desensitization do not contribute
to the zinc-mediated enhancement of EPSCgg. A, C, Upper
panels, representative traces of AMPA EPSCs before (gray) and
after (color) bath application of 0.5-1 mm kynurenic acid (A) and
100 um cyclothiazide (C). Lower panels, summary graphs show-
ing normalized AMPA EPSC amplitude (A) and decay time con-
stant (C), before (gray) and after (color) 0.5-1 mm kynurenic acid
(A) and 100 um cyclothiazide (C; AMPA EPSC amplitude: control
vs. kynurenic acid, n = 5, p < 0.01; AMPA EPSC decay time
constant: control vs. cyclothiazide, n = 5, p = 0.04). B, D, Upper
panels, representative traces of AMPA EPSCs evoked by 50-Hz
20-pulse train in 1.2 mm (gray) and 2.4 mm (color) external
calcium, in 0.5-1 mm kynurenic acid and ZX1 (B) or in 100 um
cyclothiazide and ZX1 (D). Lower panels, summary graphs show-
ing average AMPA EPSC amplitudes during the train, in
kynurenic acid and ZX1 (B), or in cyclothiazide and ZX1 (D).
(EPSC46_50 amplitude: kynurenic acid: 1.2 vs. 2.4 mm calcium, n
= 5, p = 0.13; cyclothiazide: 1.2 vs. 2.4 mwm calcium,n = 5, p =
0.06.) Values represent mean = SEM.

Detailed values and statistical tests: A, lower panel: AMPA EPSC
amplitude in the presence of kynurenic acid: 59.63% =+ 8.5% of
baseline,n = 5, p < 0.01,t = 4.74, df = 4; one-sample t-test. C,
lower panel: AMPA EPSC decay time constant: control vs. cy-
clothiazide: 5.99 = 0.81 vs. 11.32 = 2.15,n = 5, p = 0.04; paired
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t-test, t = 2.95, df = 4. B, lower panel: EPSC,4_,, amplitude:
kynurenic acid: 1.2 mm calcium: 718 pA = 94 pA vs. 2.4 mwm
calcium: 812 pA £ 96 pA,n = 5,p = 0.13, F = 2.37, DFn = 1,
DFd = 40; two-way ANOVA. D, lower panel: cyclothiazide: 1.2
mm calcium: 122 pA = 32 pA vs. 2.4 mm calcium: 186 pA = 41
pA, n =5, p = 0.06, F = 3.6, DFn = 1, DFd = 40; two-way
ANOVA.

contrast, in the presence of AM-251, ZX1 did not de-
crease AMPA EPSC facilitation (Fig. 5B), suggesting that
endocannabinoid signaling and enhanced synaptic facili-
tation are necessary for the zinc-mediated augmentation
of EPSCgs.

Consistent with the lack of effect of ZX1 in enhancing
EPSCqq at lower stimulation frequencies (Fig. 1A, B, D, E),
ZX1 did not affect synaptic facilitation at these frequen-
cies in either 1.2 or 2.4 mwm Ca, (Fig. 6A-D). In contrast,
ZX1 decreased synaptic facilitation at 50 Hz in 1.2 mm
Ca,. However, ZX1 decreased synaptic facilitation by the
eighth pulse in 1.2 mm Ca,, but in 2.4 mm Ca, it decreased
facilitation by the third pulse (Fig. 5A vs. Fig. 6E). This

A B

50 Hzin 2.4 mM Ca, AM-251

50 Hz in 2.4 mM Ca,

@0 PA Control @0 pA Control
r 40 ms ZX1 40 ms ZX1
3- 2.0
w 1.0
§ 1' 05
Control Control
Yo zx1 00 ZX1
0 5 10 15 20 0 5 10 15 20

Pulse number Pulse number

Figure 5. Enhanced zinc-mediated synaptic facilitation depends
on endocannabinoid signaling. A, B, Upper panels, representa-
tive traces of AMPA EPSCs evoked by 50-Hz 20-pulse train
before (gray) and after ZX1 application (color), in the absence (A)
or presence (B) of AM-251. Lower panels, summary graphs
showing average AMPA EPSC amplitudes during the train, nor-
malized to EPSC amplitude elicited by first pulse, before (A and
B, gray) and after (A and B, color) ZX1 application, in the
absence (A), or presence (B) of AM-251 (ratio of the amplitude of
16-20 EPSC to first EPSC at 50 Hz: in the absence of AM-251:
control vs. ZX1, n = 10, p < 0.01; in the presence of AM-251:
control vs. ZX1,n = 5, p = 0.32). Values represent mean = SEM.
Detailed values and statistical tests: Lower panels: ratio of the
amplitude of 16-20 EPSC to first EPSC at 50 Hz: in the absence
of AM-251: control: 2.29 = 0.25 vs. ZX1: 1.32 = 0.15,n = 10, p
< 0.01, F = 52.81, DFn = 1, DFd = 90; in the presence of
AM-251: control: 1.19 = 0.15 vs. ZX1: 1.04 = 0.09,n = 5,p =
0.32, F = 1.0, DFn = 1, DFd = 40; two-way ANOVA.
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result is consistent with the more robust zinc-dependent
endocannabinoid signaling occurring at higher Pr, which
is reflected by the requirement for fewer stimuli to elicit
endocannabinoid release in higher Pr (Perez-Rosello
et al., 2013). Finally, ZX1 did not change synaptic facilita-
tion at 50 Hz in ZnT3KO mice (Fig. 6F-H). Together, these
results suggest that synaptically released zinc results in
increased synaptic facilitation and enhanced EPSCgg, via
retrograde endocannabinoid signaling and decreased Pr.

Elimination of the postsynaptic inhibitory effect of zinc
on AMPA EPSC amplitude during the 50-Hz train could
also contribute to the zinc-mediated enhancement of syn-
aptic facilitation. To explore this possibility, we occluded
the endocannabinoid-mediated effect on synaptic facili-
tation by applying 50 nm WIN 55, 212-2 (WIN), a CB1
receptor activator. Then, we tested whether this occlusion
affected the ZX1 potentiation of the EPSC throughout the
train. If a potential reduction of the postsynaptic inhibitory
effect of zinc on AMPA EPSC amplitude during the 50-Hz
train was contributing to the zinc-mediated enhancement
of synaptic facilitation, then occlusion of synaptic facilita-
tion with WIN would also show a gradual reduction in the
ZX1 potentiation throughout the train, as in Fig. 1D. We
found that WIN occluded the effect of ZX1 on synaptic
facilitation (Fig. 7A, B), and there was no reduction in the
amount of ZX1 potentiation throughout the 50-Hz train
(Fig. 7A, C). This result suggests that changes in the
magnitude of the postsynaptic inhibitory effect of zinc on
AMPA EPSC do not contribute to the zinc-mediated en-
hancement of synaptic facilitation.

Discussion

Our results indicate that the effects of synaptically re-
leased zinc on excitatory neurotransmission are not
purely inhibitory as previously thought, for zinc’s actions
depend on the level of activity of the target synapses. For
synapses that are active at high rates of presynaptic
activity, synaptically released zinc leads to an initial inhi-
bition of postsynaptic activity, likely via direct inhibition of
AMPARs (Kalappa et al., 2015), followed by the recruit-
ment of endocannabinoid signaling that leads to reduced
Pr but enhanced steady-state EPSCs. This seemingly
paradoxical effect is likely explained by the fact that in-
creased Pr depletes presynaptic vesicles, saturates re-
lease, and limits the extent of facilitation (Zucker and
Regehr, 2002; Jackman et al., 2016). Whereas our find-
ings are consistent with this hypothesis, we cannot rule
out potential effects of presynaptic endocannabinoid sig-
naling on the presynaptic calcium signal that induces
facilitation or on the calcium sensor synaptotagmin 7,
which is required for synaptic facilitation (Jackman et al.,
2016).

Facilitating synapses favor the transmission of burst-
like presynaptic stimuli (Lisman, 1997; Abbott and Re-
gehr, 2004). Whereas in vivo recordings from DCN granule
cells have not been obtained, sensory stimulation pro-
duces bursts of high-frequency (>200 Hz) spikes in cer-
ebellar granule cells (Chadderton et al., 2004). Although
these bursts are briefer than the trains we used here, they
also occur at higher frequencies. Based on our results
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Figure 6. AMPA EPSC facilitation by synaptically released zinc is frequency, history, and Pr dependent. A, B, Upper panels,
representative traces of AMPA EPSCs evoked by 20-pulse train at 5 Hz (A) and 20 Hz (B), before (gray) and after (color) 100 uM ZX1,
in 2.4 mm external calcium. Lower panels, summary graphs showing average AMPA EPSC amplitudes during the 20-pulse train,
normalized to EPSC amplitude of the first pulse, before (gray) and after (color) ZX1 application at 5 Hz (A) and 20 Hz (B), in 2.4 mm
external calcium (ratio of the amplitude of 16—20 EPSC to first EPSC: 2.4 mm calcium: 5 Hz: control vs. ZX1,n = 5, p = 0.58; 20 Hz:
control vs. ZX1, n = 5, p = 0.09). C-E, Upper panels, representative traces of AMPA EPSCs evoked by 20-pulse train at 5 Hz (C),
20 Hz (D), and 50 Hz (E), before (gray) and after (color) 100 uM ZX1, in 1.2 mm external calcium. Lower panels, summary graphs
showing average AMPA EPSC amplitudes during the 20-pulse train, normalized to EPSC amplitude of the first pulse, before (gray) and
after (color) ZX1 application at 5 Hz (C), 20 Hz (D), and 50 Hz (E) in 1.2 mm external calcium (ratio of the amplitude of 1620 EPSC
to first EPSC: 1.2 mm calcium: 5 Hz: control vs. ZX1, n = 5, p = 0.34; 20 Hz: control vs. ZX1,n = 5, p = 0.45; 50 Hz vs. ZX1,n =
10, p < 0.01). F, G, Upper panels, representative traces of AMPA EPSCs evoked by 50-Hz 20-pulse train, before (black) and after
(color) 100 um ZX1, in ZnT3WT (F) and ZnT3KO (G) mice. Lower panels, summary graphs showing average AMPA EPSC amplitudes
during the 50-Hz 20-pulse train, normalized to EPSC amplitude of the first pulse, before (black) and after (color) ZX1 application, in
ZnT3WT (F) and ZnT3KO (G) mice (ratio of the amplitude of 16-20 EPSC to first EPSC: ZnT3WT mice: 50 Hz control vs. ZX1, n = 6,
p < 0.01; ZnT3KO mice: 50 Hz: control vs. ZX1,n = 5, p = 0.85). H, Upper panel, representative traces of peak-scaled AMPA EPSCs
evoked by 50-Hz 20-pulse train in ZnT3WT (black) and ZnT3KO mice (green). Lower panel, summary graphs showing average AMPA
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EPSC amplitudes during the 50-Hz 20 pulse train, normalized to EPSC amplitude of the first pulse in control conditions, in ZnT3WT
(black) and ZnT3KO (color) mice (ratio of the amplitude of 20 EPSC to first EPSC: ZnT3WT vs. ZnT3KO: control: 50 Hz, n = 5, p <
0.01). Values represent mean = SEM.

Detailed values and statistical tests: A, B, lower panels: ratio of the amplitude of 16-20 EPSC to first EPSC: 2.4 mwm calcium: 5 Hz:
control: 1.40 = 0.12 vs. ZX1: 1.34 = 0.15,n = 5, p = 0.58, F = 0.31, DFn = 1, DFd = 40; 20 Hz: control: 2.03 = 0.09 vs. ZX1: 1.83
+0.14,n =5,p = 0.09, F = 3.0, DFn = 1, DFd = 40; two-way ANOVA. C-E, lower panels: ratio of the amplitude of 16-20 EPSC
to first EPSC: 1.2 mm calcium: 5 Hz: control: 1.54 = 0.14 vs. ZX1: 1.61 £ 0.11,n =5, p = 0.34, F = 0.9, DFn = 1, DFd = 40; 20 Hz:
control: 2.78 = 0.29 vs. ZX1: 2.94 = 0.34,n = 5, p = 0.45, F = 0.56, DFn = 1, DFd = 40; 50 Hz: 4.44 + 0.47 vs. ZX1: 3.14 + 0.37,
n=10,p <0.01, F = 22.59, DFn = 1, DFd = 90; two-way ANOVA. F, G, lower panels: ratio of the amplitude of 16-20 EPSC to first
EPSC: ZnT3WT mice: 50 Hz: 5.580 = 0.39 vs. ZX1: 3.96 = 0.55, n = 6, p < 0.01, F = 28.37, DFn = 1, DFd = 50; ZnT3KO mice:
control: 50 Hz: 1.71 += 0.27 vs. ZX1: 1.74 = 0.33,n = 5, p = 0.85, F = 0.04, DFn = 1, DFd = 40; two-way ANOVA. H, lower panel:
ratio of the amplitude of 16—-20 EPSC to first EPSC: ZnTWT vs. ZnT3KO: control: 50 Hz: 5.58 + 0.39 vs. 1.71 = 0.27,n = 5, p < 0.01,

t = 8.15, df = 8; unpaired t-test.

showing that fewer stimuli are needed to elicit endocan-
nabinoid signaling during higher stimulation frequencies
(compare Fig. 5A and Fig. 6E), we expect that higher
stimulation frequencies would also require fewer stimuli
for eliciting the enhancing effect of zinc on steady-state
EPSCs. Therefore, given the strong resemblance between
DCN and cerebellar granule cells (Oertel and Young,
2004), we hypothesize that the effect of zinc in maintain-
ing enhanced synaptic facilitation during bursts of activity
may enhance information flow in cartwheel cells. How-
ever, because our in vitro stimulation may be stronger
than the in vivo pattern of activity, further in vivo studies
using natural stimuli are required to determine how syn-
aptic zinc affects information coding in the molecular layer
of the DCN.

We previously reported that synaptically released zinc
decreases post-tetanic potentiation induced by high-

frequency stimulation (Perez-Rosello et al., 2013); how-
A WIN 55, 212-2 B
50Hzin24mMCa, ¢ 5 516
D 4
LOO pA Control &3 c 1 4 W
X1 Y4
o2
@ 1 Control
05101520 0 5 101520
Pulse number Pulse number

Figure 7. The postsynaptic inhibitory effect of zinc on AMPA
EPSC does not contribute to the zinc-mediated enhancement of
synaptic facilitation. A, Representative traces of AMPA EPSCs,
evoked by 50-Hz 20-pulse train in the presence of 50 nm WIN 55
212-2, before (gray) and after (maroon) ZX1. B, Summary graph
showing average AMPA EPSC amplitudes during the train, nor-
malized to EPSC amplitude elicited by the first pulse, before
(gray) and after (maroon) ZX1 (ratio of the amplitude of 16-20
EPSC to first EPSC at 50 Hz: control vs. ZX1,n = 5, p = 0.18).
C, Summary graph showing average ratios of AMPA EPSCs in
the presence of ZX1 to that in control during the train (ZX,_./
controly_, vs. ZXyg_po/controlyg_oo N = 5, p = 0.23). Values
represent mean = SEM.

Detailed values and statistical tests: B, Ratio of the amplitude of
16-20 EPSC to first EPSC at 50 Hz: control: 3.63 = 0.35 vs. ZX1:
3.23 = 0.22,n=5,p =0.18, F = 1.84, DFn = 1, DFd = 40;
two-way ANOVA; C, ZX,_,/control,_, vs. ZX;g_so/CONtrolyg_so:
1.40 = 0.04 vs. 1.35 = 0.05,n = 5, p = 0.23, t = 1.39, df = 4,
paired t-test.
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ever, the effect of zinc during the high-frequency
stimulation had not been studied. By assessing the role of
synaptically released zinc during low- and high-frequency
trains, we found that synaptic strength at intensely active
synapses is larger under conditions that inhibit Pr, such as
zinc-dependent endocannabinoid signaling. These results
complement and extend previous studies on presynaptic
GABAg receptors, which sustain neurotransmission at
higher stimulus frequencies by reducing Pr and, in turn,
controlling AMPAR desensitization (Brenowitz et al., 1998;
Brenowitz and Trussell, 2001). Whereas zinc and GABAg
receptors exert their context-dependent effects via differ-
ent mechanisms, a common concept emerges supporting
that neuromodulatory systems that combine pre- and
postsynaptic mechanisms of actions also display a
unique flexibility in mediating bidirectional modulation of
EPSC strength (Tzounopoulos et al., 2007).

Our findings on zinc-mediated promotion of endocan-
nabinoid signaling are consistent with our previous report
showing that during high-frequency stimulation synaptic
zinc release, activation of GPR39 receptors and subse-
quent rises in postsynaptic calcium and phospholipase C
activation are necessary for triggering the synthesis of the
endocannabinoid 2-arachidonoylglycerol in PF DCN syn-
apses (Perez-Rosello et al., 2013). Moreover, the lack of
zinc-dependent enhancement in EPSCgg during lower
stimulation frequencies, as well as the development of the
endocannabinoid-mediated effect later in the train during
high-frequency stimulation, are consistent with the notion
that endocannabinoid signaling in DCN synapses is re-
cruited in response to sustained high-frequency bursts of
neuronal activity (Sedlacek et al., 2011; Perez-Rosello
et al.,, 2013).

Prior studies have reported a lack of effect of synaptic
zinc on short-term synaptic plasticity of AMPA EPSCs in
zinc-rich hippocampal mossy fiber to CA3 (MF-CAS) or
Schaffer collateral to CA1 (SC-CA1) synapses (Vogt et al.,
2000; Vergnano et al., 2014). The lack of effect in these
studies could be because the investigated synapses lack
or express weak endocannabinoid signaling (Ohno-
Shosaku et al., 2002; Hofmann et al., 2008). Moreover,
these studies used a narrower range of stimulation fre-
quencies that did not exceed 25 Hz. This could also
explain the lack of effect of zinc on short-term plasticity,
because higher or more sustained stimulation frequencies
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are required for the recruitment of endocannabinoid sig-
naling (Perez-Rosello et al., 2013), which, in turn, is crucial
for the effects of zinc on short-term plasticity of glutama-
tergic neurotransmission. Finally, although these studies
used ZnT3KO mice to eliminate synaptic zinc, zinc was
chelated with tricine or CaEDTA. However, CaEDTA has
slower kinetics for zinc binding than ZX1, and tricine has
weaker zinc-binding affinity than ZX1 (Anderson et al.,
2015). Therefore, CaEDTA and tricine are less efficient
than ZX1 for investigating the effects of fast, transient
elevations of synaptic zinc on synaptic targets, such as
NMDAR and AMPARs (Anderson et al., 2015; Kalappa
et al.,, 2015). Together, these data suggest that the
context-dependent effect of zinc on glutamatergic neu-
rotransmission is synapse specific and, like the effects of
other neuromodulatory systems, depends on the molec-
ular composition, structure, and function of different syn-
apses.

Recent studies explored the dynamics of zinc in the
synaptic cleft and extracellular space (Vergnano et al.,
2014; Anderson et al., 2015), but less is known about the
presynaptic zinc dynamics. Whereas one study suggests
that zinc-containing vesicles predominantly dominate the
reserve pool of synaptic vesicles (Lavoie et al., 2011), the
exocytosis and endocytosis dynamics of zinc-containing
vesicles remain unknown. Our results are inconsistent
with depletion of zinc-containing vesicles during the high-
frequency train, for ZX1 revealed no change in the amount
of AMPA EPSC potentiation throughout the train of stimuli
in the presence of exogenously applied cannabinoids (Fig.
7). This conclusion is based on the assumption that zinc-
mediated AMPA EPSC inhibition tracks synaptic zinc lev-
els in the cleft. However, recent results proposed AMPA
EPSC modulation via intracellular zinc signaling in cul-
tured hippocampal neurons (Arons et al., 2016). As such,
transient increases in extracellular zinc after synaptic
stimulation could lead to translocation of zinc into the
postsynaptic neuron via zinc-permeable AMPARs (Jia
et al., 2002), inducing, in turn, changes in intracellular zinc
levels and modulation of AMPA EPSCs that does not
track extracellular zinc levels. NMDARs contain extracel-
lular high-affinity binding sites capable of tracking extra-
cellular zinc levels (Paoletti et al., 2009; Hansen et al.,
2014), and therefore future studies assessing the effect of
synaptic zinc on NMDARSs, or using localized extracellular
zinc-sensitive dyes to quantify zinc levels during trains of
presynaptic activity, are needed for elucidating the time
course of exocytosis and endocytosis of zinc-containing
vesicles.

In summary, this work demonstrates that during high-
frequency trains of presynaptic activity, synaptic zinc
scales glutamatergic neurotransmission bidirectionally.
During the onset of activity, glutamatergic neurotransmis-
sion is scaled down predominantly by postsynaptic zinc
inhibition; however, later in the train, zinc-dependent en-
docannabinoid signaling decreases Pr, which, in turn,
increases synaptic facilitation. This enhancement over-
rides the Pr decrease and postsynaptic zinc inhibitory
effects, thus resulting in overall enhanced synaptic
strength.
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