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In many excitatory synapses, synaptic zinc is co-released with glutamate to modulate
neurotransmission. Synaptic zinc modulates the responsiveness of auditory cortex to
sound, and synaptic zinc levels and signaling are modulated by sensory experience,
termed zinc plasticity. The mechanisms underlying zinc plasticity remain unknown. We
discovered that high- and low-frequency electrical stimulation of dorsal cochlear nucleus
synapses reduces and increases synaptic zinc signaling, respectively. This bidirectional
zinc plasticity is evidenced by changes in zinc inhibition of AMPA and NMDA receptor
activity. Increases and decreases in zinc signaling require activation of Group 1
metabotropic glutamate receptors (mGluRs). Activation of Group 1 mGIluRs with a higher
agonist concentration increases presynaptic zinc levels and postsynaptic zinc signaling,
whereas activation with a lower concentration reduces zinc levels and signaling. Sound-
induced zinc plasticity also requires Group 1 mGluRs. Our results reveal the mechanisms

underlying synaptic zinc plasticity, elicited by either synaptic activity or sound experience.
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Introduction

In many brain areas, including the neocortex, limbic structures, and the auditory brainstem,
glutamatergic vesicles are loaded with zinc (Danscher & Stoltenberg, 2005; Frederickson et al.,
2005). This pool of mobile, synaptic zinc is co-released with glutamate and is a major modulator
of glutamatergic neurotransmission. Namely, synaptic zinc inhibits synaptic and extrasynaptic
NMDA receptor (NMDAR) excitatory postsynaptic currents (EPSCs), and modulates AMPA
receptor (AMPAR) EPSCs (Kalappa et al., 2015; 2017; Anderson et al., 2015; Vogt et al., 2000;
Vergnano et al., 2014). Synaptic zinc inhibits AMPAR EPSCs at lower frequencies of synaptic
activity, but enhances steady state AMPAR EPSCs during higher frequencies of activity by
recruiting endocannabinoid signaling, reducing probability of release and enhancing synaptic
facilitation (Kalappa et al., 2015; 2017; Perez-Rosello et al., 2013). In awake mice, synaptic zinc
enhances the responsiveness (gain) of sound-evoked responses in auditory cortical principal
neurons but reduces the gain of cortical interneurons (Anderson et al., 2017). Activity-dependent
changes in gain are crucial for sensory processing, for they allow sensory systems to adapt to
changing sensory environments and facilitate central recovery of sensory processing in response
to peripheral damage (Atallah et al., 2012; Ohshiro et al., 2011; Dean et al., 2005; Watkins &
Barbour, 2008; Rabinowitz et al., 2011; Natan et al., 2017; Chambers et al., 2016; Resnik et al.,

2017).

Consistent with the role of synaptic zinc in gain modulation of sound-evoked responses, sensory
experience bidirectionally modulates the levels of vesicular zinc and synaptic zinc signaling in
several sensory brain areas (Nakashima & Dyck, 2009; Li et al., 2017; Kalappa et al., 2015;
McAllister & Dyck, 2017). In the somatosensory cortex, whisker plucking increases zinc levels,
whereas whisker stimulation reduces zinc levels (Brown & Dyck 2002; 2005). In the primary visual
cortex, monocular deprivation increases vesicular zinc levels (Dyck et al., 2003). In the retina,

optic nerve damage increases zinc levels, which in turn inhibit optic nerve regeneration and
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promote cell death (Li et al., 2017). In the dorsal cochlear nucleus (DCN), an auditory brainstem
nucleus, exposure to loud sound reduces vesicular zinc levels and synaptic zinc signaling
(Kalappa et al., 2015). Yet, the cellular and molecular mechanisms underlying the experience-
dependent plasticity of synaptic zinc levels remain unknown. Elucidating these mechanisms is
crucial for understanding how the brain adapts during normal sensory processing, and why it fails
to properly adjust in sensory disorders associated with pathological central adaptation, such as in

tinnitus (Auerbach et al., 2014).

To determine the mechanisms of zinc plasticity, we used electrophysiology and fluorescent
imaging in the DCN, which contains parallel fibers (PFs) with high levels of synaptic zinc that are
modulated by sound experience (Frederickson et al., 1988; Rubio & Juiz, 1998; Kalappa et al.,
2015). We investigated these mechanisms in vitro, in response to electrical synaptic activation in
brain slices, as well as in vivo, in response to loud sound exposure. Our results demonstrate
bidirectional activity-dependent zinc plasticity, and reveal a novel mechanism of plasticity in

central synapses that involves mGIuR activation.

Results

Bidirectional activity-dependent zinc plasticity requires Group 1 mGluRs

To investigate the mechanisms underlying zinc plasticity, we first determined whether we could
induce zinc plasticity in DCN PF synapses in mouse brain slices. In these synapses, application
of the fast, high-affinity extracellular zinc chelator ZX1 potentiates AMPAR and NMDAR EPSCs
via postsynaptic mechanisms (Anderson et al., 2015; Kalappa et al., 2015; 2017). Moreover, this
potentiation is dependent on ZnT3, the transporter that loads zinc into synaptic vesicles (Palmiter
et al., 1996; Cole et al., 1999), indicating that synaptic zinc inhibits AMPAR and NMDAR EPSCs.
We therefore used the ZX1 potentiation of AMPAR and NMDAR EPSCs, as well as imaging of

presynaptic zinc levels, as assays for monitoring zinc plasticity in the DCN.
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79  Consistent with previous studies, we found that ZX1 potentiated postsynaptic PF AMPAR EPSCs
80 in DCN cartwheel cells (CWCs), a class of inhibitory interneurons (Fig. 1 A-B) (Kalappa et al.,
81 2015;2017). To develop an in vitro model of zinc plasticity to study underlying mechanisms, we
82  tested whether we can induce zinc plasticity by using patterns of synaptic activation that induce
83  plasticity of glutamatergic signaling, such long-term potentiation and depression (LTP/LTD) in the
84 DCN PF synapses (Tzounopoulos et al., 2004; 2007; Fujino & Oertel, 2003). We started by
85  examining the effect of ZX1 on AMPAR EPSCs following high-frequency stimulation of PFs (HFS,
86 3 x 100 Hz for 1 sec, 10 sec inter-stimulus interval), which induces glutamatergic LTP (Fujino &
87  Oertel, 2003). After applying HFS and obtaining a new stable baseline, we renormalized AMPAR
88 EPSC amplitude to the new baseline, to quantify the amount ZX1 potentiation after HFS (Fig. 1
89 C). After HFS, ZX1 application did not potentiate AMPAR EPSCs (Fig. 1 C-D). The loss of ZX1
90 potentiation indicates a loss of zinc-mediated inhibition of AMPARSs, suggesting that HFS caused
91 areduction in synaptic zinc signaling, thereby inducing zinc plasticity.
92
93  After establishing that HFS reduced zinc signaling, we then used this stimulation paradigm as a
94  tool for studying the underlying mechanisms. NMDARs mediate the induction of LTP and LTD in
95 the DCN and most central synapses (Malenka & Nicoll, 1993; Tzounopoulos et al., 2004; 2007;
96  Fujino & Oertel, 2003). To test the role of NMDARs in the induction of zinc plasticity by HFS, we
97  blocked NMDARs with APV (NMDAR antagonist, 50 uM; Fig. 2 A). As evidenced by the lack of
98  ZX1 potentiation of AMPAR EPSCs after HFS, APV did not affect HFS-induced reductions in zinc
99 signaling (Fig. 2 A, C), suggesting that NMDARs are not required for the induction of zinc

100 plasticity.

101

102 Parallel fiber synapses in the DCN also exhibit glutamatergic plasticity that involves metabotropic

103  glutamate receptor (mGIuR) signaling (Fujino & Oertel, 2003). Furthermore, Group 1 mGIluRs are
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104  expressed in CWCs and in the DCN molecular layer, which contains PF terminals (Wright et al.,
105  1996; Bilak & Morest, 1998). We therefore tested whether Group 1 mGIuR signaling is necessary
106  for the induction of zinc plasticity. To test this hypothesis, we repeated the experiment shown in
107  2A, but now we blocked Group 1 mGluRs with MPEP (4 uM, mGIluR5-selective antagonist) and
108 LY367385 (100 uM, mGluR1-selective antagonist) (Fig. 2 B). Under these conditions, HFS did
109 not affect ZX1 potentiation compared to control, no HFS, conditions (Fig. 2 B-C), suggesting that
110  Group 1 mGIuR activation is necessary for the induction of zinc plasticity by HFS.

111

112  Glutamatergic plasticity is bidirectional: synapses undergo LTP or LTD in response to high- or
113  low-frequency stimulation, respectively (Malenka & Nicoll, 1993; Mulkey & Malenka, 1992; Fujino
114 & Oertel 2003). To determine whether zinc plasticity is bidirectional, we tested whether low-
115 frequency stimulation (LFS) increases zinc signaling (Fig. 3 A). Because the induction of zinc
116  plasticity depends on mGIuR activation, we used conditions that favor mGIuR activation such as
117 LFS (5 Hz, 3 min), blockade of NMDARs with APV, and high extracellular concentrations of
118  divalent ions (4 mM Ca? and Mg?; Oliet et al., 1997). Compared to control (no LFS), LFS
119 increased the amount of ZX1 potentiation (Fig. 3 A, C). Note that control ZX1 potentiation in these
120 conditions (Fig. 3 C) was slightly less, albeit not significantly different (p=0.11, unpaired t test),
121  than previous control experiments performed in ACSF with 2.4/1.3 mM of extracellular Ca**/Mg?*
122 (Fig. 1 D). This is likely due to reduced neuronal excitability (Oliet et al., 1997; Kalappa et al.,
123 2015). Together, these results suggest that LFS increased synaptic zinc signaling, thus
124  demonstrating that activity-dependent plasticity of zinc signaling is bidirectional: HFS reduces zinc
125  signaling, whereas LFS increases zinc signaling.

126

127  We next tested whether Group 1 mGIuR activation is necessary for the increased zinc signaling

128 by LFS. Whereas LFS alone increased ZX1 potentiation compared to control, LFS in the presence
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129  of MPEP and LY367385 did not increase ZX1 potentiation (Fig. 3 B-C). This indicates that Group
130 1 mGIuR activation is necessary for the induction of zinc plasticity by LFS. Together, these results
131 reveal that activation of Group 1 mGIuR signaling is necessary for the induction of bidirectional
132  zinc plasticity by HFS or LFS.

133

134  Group 1 mGIluR activation is sufficient to induce bidirectional zinc plasticity

135 Is activation of Group 1 mGIuRs sufficient to induce zinc plasticity? Because Group 1 mGIuRs are
136  required for both increases and decreases in zinc signaling by different stimulation paradigms,
137  we hypothesized that the direction of plasticity depends on differential activation of mGluRs during
138 the induction protocols. To test this, we applied high or low concentrations of DHPG (Group 1
139 mGIuR agonist, 50 uM or 5 uM). Consistent with previous studies, application of 50 uM DHPG
140 caused LTD (Fig. 4 A; Huber et al., 2001; Wisniewski & Car, 2002; Snyder et al. 2001). After
141  applying 50 uM DHPG, obtaining a new stable baseline, and then applying ZX1, we observed that
142  the ZX1 potentiation of EPSCs was significantly increased compared to control (Fig. 4 A, C-D).
143  This result indicates that a high concentration of DHPG increases zinc signaling: Group 1 mGIuR
144  activation is sufficient to induce zinc plasticity.

145

146  Because increases and decreases in zinc signaling induced by L/HFS depend on Group 1 mGIuR
147  activation (Fig. 2 and 3), we next tested whether application of a lower concentration of DHPG
148 reduces zinc signaling. After applying 5 uM DHPG and obtaining a new stable baseline, ZX1 did
149  not potentiate EPSCs (Fig. 4 B-D). This result indicates that activation of Group 1 mGIuRs with a
150 lower concentration of DHPG reduces zinc signaling. Together, these results demonstrate that
151 Group 1 mGIuR activation is sufficient to induce bidirectional zinc plasticity. Furthermore, the
152  direction of zinc plasticity depends on the concentration of DHPG: 50 uM DHPG increases zinc

153  signaling, whereas 5 uM DHPG reduces zinc signaling. These results are consistent with the
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154  notion that bidirectional zinc plasticity depends on differential activation of Group 1 mGIuRs by
155  either L/HFS or high/low concentrations of DHPG.

156

157  Group 1 mGIluR activation bidirectionally modulates presynaptic zinc levels

158  We used activity-dependent changes in the amount of ZX1 potentiation of AMPAR EPSCs for
159  assessing changes in zinc signaling. However, ZX1 potentiation is determined by the postsynaptic
160 zinc-mediated inhibition of AMPAR EPSCs, as well as the amount of presynaptic zinc release
161 (Kalappa et al., 2015). Because previous studies have demonstrated activity-dependent
162  modulation of presynaptic zinc levels (Nakashima & Dyck, 2009; Kalappa et al., 2015), we
163  hypothesized that the plasticity of zinc signaling is due, at least in part, to the modulation of
164  presynaptic zinc levels. To quantify potential changes in presynaptic zinc levels, we used DA-ZP1
165 (0.5 uM), a fluorescent intracellular zinc sensor capable of tracking presynaptic zinc levels in PF
166 terminals (Kalappa et al., 2015; Zastrow et al., 2016). To induce zinc plasticity, we applied DHPG,
167  which, unlike synaptic stimulation, induces zinc plasticity in all terminals in the slice. We imaged
168 DA-ZP1 fluorescence (Fig. 5 A) in control slices and in slices treated with DHPG (50 uM or 5 uM).
169 Compared to the non-treated control slices, incubation of slices with 50 uM DHPG increased DA-
170  ZP1 fluorescence in the DCN molecular layer, indicating increased presynaptic zinc levels in PF
171 terminals (Fig. 5 B). In contrast, incubation of slices with 5 yM DHPG reduced DA-ZP1
172  fluorescence, indicating reduced zinc levels (Fig. 5 B). These results demonstrate that application
173  of different concentrations of DHPG causes bidirectional modulation of presynaptic zinc levels.
174 Furthermore, these results are consistent with our electrophysiological experiments: 50 uM DHPG
175 increases zinc levels and ZX1 potentiation of EPSCs, whereas 5 uM DHPG reduces zinc levels
176 and ZX1 potentiation of EPSCs. Although our results do not rule out potential postsynaptic
177  mechanisms of zinc plasticity, our results demonstrate that zinc plasticity involves modulation of

178  presynaptic zinc levels.
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179  Zinc plasticity does not depend on AMPAR plasticity, and it affects zinc-mediated
180 inhibition of NMDARs

181  Pharmacological or electrophysiological induction of zinc plasticity is consistent with modulation
182  of presynaptic zinc levels, but postsynaptic modifications are also possible. Because PFs exhibit
183  postsynaptic AMPAR LTP (Fujino & Oertel, 2003; Tzounopoulos et al., 2007; Zhao &
184  Tzounopoulos, 2011), we therefore sought to determine whether ZX1 potentiation is correlated
185  with the amount of AMPAR LTP. To test for this, we plotted the ZX1 potentiation versus the
186 changes in AMPAR EPSC amplitude after HFS (Fig. 6 A). We found no correlation between
187  AMPAR plasticity and ZX1 potentiation (Fig. 6 A). This result suggests that modulation of zinc
188  signaling does not depend on the amount of AMPAR potentiation, and supports the notion that
189  modification of postsynaptic AMPARSs during LTP are likely not involved in zinc plasticity.

190

191  Our DA-ZP1 imaging results suggest that zinc plasticity involves modulation of presynaptic zinc
192  signaling. Therefore, the induction of zinc plasticity should also affect postsynaptic NMDAR
193  EPSCs, which are inhibited by zinc via direct high-affinity receptor binding (Paoletti et al., 1997;
194  Vergnano et al., 2014). To test this hypothesis, we quantified the ZX1 potentiation of NMDAR
195  EPSCs after inducing zinc plasticity with HFS. To monitor NMDAR EPSCs, we used a short train
196  of presynaptic stimulation (5 pulses at 20 Hz) to activate extrasynaptic NMDARs, for NMDAR
197 EPSCs recorded in somata of CWCs are mostly mediated by extrasynaptic NMDARSs activated
198 by glutamate spillover during this short train (Anderson et al., 2015). To avoid keeping CWCs at
199  +40 mV for too long while recording NMDAR EPSCs, and to maintain the same induction protocol
200 used in our previous experiments, we initially recorded AMPAR EPSCs at -70 mV, then applied
201  HFS. Subsequently, we blocked AMPARSs with DNQX (20 uM, AMPA/kainate receptor antagonist)
202  andrecorded at +40 mV to obtain a stable baseline of NMDAR EPSCs before applying ZX1 (Fig.
203 6 B). Consistent with our results on AMPAR EPSCs, after HFS, ZX1 no longer potentiated

204 NMDAR EPSCs (Fig. 6 B, D), whereas ZX1 enhanced NMDARs EPSCs in interleaved control
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205  experiments where HFS was not applied, also consistent with previous results from DCN CWCs
206  (Anderson et al., 2015). These results demonstrate that HF S-induced zinc plasticity reduces zinc-
207  mediated inhibition of NMDARs. To determine whether this modulation shares the same
208 mechanism with the zinc plasticity evidenced by changes in the ZX1 potentiation of AMPAR
209 EPSCs, we tested whether Group 1 mGIuR signaling is required. Indeed, application of MPEP
210 and LY367385 blocked the observed zinc plasticity (Fig. 6 C-D), demonstrating that Group 1
211  mGIuR signaling is required for HFS-induced plasticity of NMDAR zinc inhibition.

212

213  Finally, to control for potential non-specific effects of ZX1 on presynaptic zinc levels, perhaps
214  through redistribution of zinc levels in different cellular compartments, we tested the effect of ZX1
215 on DA-ZP1 fluorescence. Indeed, application of ZX1 10 min prior and during DA-ZP1 application
216 did not affect the fluorescence levels in the molecular layer of the DCN (Fig. 6 E). This result
217  indicates that ZX1 does not affect presynaptic zinc levels, and is consistent with the notion that
218 changes in the ZX1 potentiation of EPSCs after L/HFS detect activity-dependent changes in
219  presynaptic zinc levels and signaling.

220

221  Together, our results indicate that pharmacological or synaptic activation of Group 1 mGIuRs
222  causes bidirectional synaptic zinc plasticity. Synaptic zinc plasticity modulates zinc inhibition of
223 NMDARs and AMPARs, suggesting that it is, at least in part, expressed by activity-dependent
224  changes of presynaptic zinc levels, regardless of the postsynaptic effector of zinc.

225

226  Sound-dependent zinc plasticity requires Group 1 mGluRs in vivo

227  Our experiments described here, using in vitro brain slice electrophysiology and fluorescent
228 imaging in the DCN, point toward a mechanism of bidirectional plasticity of presynaptic zinc levels
229  mediated by Group 1 mGIuR signaling. We therefore hypothesized that mGIuR activation may

230 also be necessary for the sound-dependent zinc plasticity observed in the DCN (Kalappa et al.,
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231 2015). To test this hypothesis, we examined DA-ZP1 fluorescence, and ZX1 potentiation of
232 EPSCs, in DCN slices from mice exposed to loud sound (116 dB, 4 hours). Consistent with
233  previous studies (Kalappa et al., 2015), slices from noise-exposed (N.E.) mice exhibited reduced
234  DA-ZP1 fluorescence in the molecular layer, indicating reduced presynaptic zinc levels, compared
235  to slices from control, sham-exposed, mice (Fig. 7 A). To test whether Group 1 mGIuRs are
236  necessary for the sound-induced plasticity of zinc levels, we administered a systemic, blood brain
237  barrier-permeable Group 1 mGIuR antagonist (AIDA, i.p., 2 mg/kg) twice: 30 min before and 1.5
238  hours after beginning the noise exposure. Slices from N.E. mice treated with AIDA did not show
239 changes in DA-ZP1 fluorescence (Fig. 7 A), suggesting that inhibition of Group 1 mGIuR activity
240  blocked the sound-induced reduction of presynaptic zinc levels. Moreover, because N.E. mice
241  given vehicle (saline) treatment showed normal reductions in zinc levels, and AIDA treatment in
242  sham-exposed mice caused no change in zinc levels (Fig. 7 A), these results suggest that Group
243 1 mGIuR activation is necessary for sound-induced changes of presynaptic zinc levels, but does
244  not affect baseline zinc levels.

245

246  To test whether Group 1 mGIuRs are required for sound-induced reductions in synaptic zinc
247  signaling, we quantified the ZX1 potentiation of AMPAR EPSCs in DCN slices from N.E. mice and
248 N.E., AIDA-treated mice (Fig. 7 B-C). Consistent with previous studies (Kalappa et al., 2015), and
249  the reduction of presynaptic zinc levels after noise exposure (Fig 7 A), ZX1 potentiation was not
250 observed in slices from N.E. mice (Fig. 7 B-C). However, in slices from N.E., AIDA-treated mice,
251  ZX1 potentiation was observed (Fig. 7 B-C). Together, these results indicate that Group 1 mGIuRs
252 are required for sound-induced plasticity of presynaptic zinc levels and zinc signaling.
253 Furthermore, although AIDA treatment blocked zinc plasticity in DCN PF synapses (Fig. 7 A-C),
254 it did not affect assays that are sensitive to presynaptic glutamate release probability, such as
255  paired-pulse ratio (PPR) and coefficient of variation (CV) analysis (Fig. 7 D). This indicates that

256 mGluR-dependent zinc plasticity specifically modulates presynaptic zinc levels and zinc signaling,

10
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257  without affecting presynaptic glutamate signaling in PFs. Furthermore, AIDA treatment did not
258  affect sound-induced hearing loss in N.E. mice, quantified using Auditory Brainstem Responses
259  (ABRs) (Fig. 7 E). ABRs reflect the synchronous activity, arising from the auditory nerve (Wave
260 1), of auditory brainstem nuclei to the inferior colliculus (Waves II-V) in response to sound stimuli.
261 Elevated ABR thresholds indicate increased hearing thresholds. In N.E. mice, because no ABRs
262  were detected when recording from the exposed (ipsilateral) ear, we recorded ABRs from the
263  non-exposed (contralateral) ear (Fig. 7 E). Moreover, similar ABR thresholds may be
264  accompanied by differences in the suprathreshold response of Wave |, which could reflect
265  differential degeneration of the auditory nerve (Kujawa & Liberman, 2009). AIDA treatment did
266  not affect noise-induced changes in either ABR thresholds or Wave | amplitude (Fig. 7 F), thus
267 indicating that the effect of AIDA on blocking zinc plasticity is not due to differential noise-induced
268 hearing loss after AIDA treatment. Together, these results demonstrate that Group 1 mGIuR
269  signaling is required for sound-dependent zinc plasticity in vivo.

270

271  Discussion

272  Our results show that zinc plasticity is an experience- and mGIluR-dependent process that
273  bidirectionally modulates synaptic zinc levels and signaling in the DCN. Is this a general
274  mechanism that applies to all synaptic zinc-containing brain areas? Synaptic zinc is present
275  throughout the neocortex and other brain structures, such as the amygdala and the hippocampus
276  (McAllister & Dyck, 2017). Moreover, synaptic zinc is modulated by sensory activity throughout
277  the sensory cortex (McAllister & Dyck, 2017), shapes the gain of central sensory responses
278  (Anderson et al., 2017), and when upregulated by optic nerve injury, it inhibits retinal ganglion cell
279  survival and axon regeneration (Li et al., 2017). It is therefore likely, although not tested here, that
280 the reported zinc plasticity mechanism is a general mechanism that dynamically modulates
281  sensory processing for adaptation to different sensory environments and injury.

282

11
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283  Whereas the exact synaptic, natural, and ethologically relevant stimuli that elicit zinc plasticity
284  remain unknown, here we developed an in vitro and in vivo model for studying bidirectional zinc
285  plasticity. This is a crucial step towards further elucidation of the detailed natural stimuli eliciting
286  zinc plasticity, as well as the precise cellular and molecular mechanisms underlying the induction
287  and expression of zinc plasticity. Moreover, our model will be useful for probing the behavioral
288 consequences of zinc plasticity and their underlying synaptic mechanisms, which remain
289  unknown.

290

291 Mechanisms of Group 1 mGluR-mediated zinc plasticity

292  Our results show that differential activation of Group 1 mGIuRs, by either L/HFS or high/low
293  concentrations of DHPG, determines the induction and direction of zinc plasticity. Both LFS and
294 HFS induce mGIuR-mediated glutamatergic plasticity in various central synapses. In the
295  hippocampus, LFS induces mGIuR-LTD (Oliet et al., 1997; Huber et al., 2000), but when NMDARs
296  are blocked, mGIuR-LTD is induced by HFS (Wu et al., 2001). In cerebellar climbing fibers, HFS
297  induces mGIuR-LTD (Brasnjo & Otis, 2001; Dzubay & Otis, 2002), whereas in DCN PFs, mGIuR
298  activation contributes to both HFS-induced LTP and LFS-induced LTD (Fujino & Oertel, 2003).
299  Our results show that prolonged LFS increases zinc signaling, similarly to Group 1 mGIuR
300 activation with 50 uM DHPG; whereas, brief HFS reduces zinc signaling, similarly to activation
301  with 5 uM DHPG. This suggests that prolonged LFS activates Group 1 mGIuR signaling differently
302  than brief HFS. Group 1 mGIluRs, mGIluR1 and mGIuRS5, are linked to the IP;-Diacylglycerol (DAG)
303  signaling pathway, leading to intracellular rises in Ca®* from intracellular stores (Abdul-Ghani et
304 al., 1996; Conn & Pin, 1997; Kim et al., 2008). We therefore propose, albeit not tested here, that
305 differential mGIuR activation, by L/HFS, leads to subsequent release of different amounts or types
306 ofintracellular Ca®" signals. Different Ca?* signals may in turn activate diverse signaling pathways

307 that ultimately lead to increased and decreased synaptic zinc levels. An analogue that comes to
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308 mind is the mechanism via which differential activation of NMDARs, by various levels of synaptic
309 activity, leads to variable Ca*" levels and signaling, ultimately determining the induction of both
310 LTP and LTD (Malenka & Bear, 2004).

311

312 In the DCN, cartwheel cells (CWCs) express Group 1 mGIuRs, particularly mGIuR1, suggesting
313 that the locus of induction of zinc plasticity is postsynaptic (Wright et al., 1996). Because zinc
314  plasticity involves modulation of presynaptic zinc levels, this would suggest the presence of a
315 retrograde signal from CWCs involved in the expression of zinc plasticity in PFs. Alternatively, the
316  presence of mGIuR1 on axon terminals in the DCN molecular layer may support a presynaptic
317  locus of induction (Bilak & Morest, 1998). Because ZnT3 determines vesicular zinc levels
318  (Palmiter et al., 1996; Cole et al., 1999), modulation of ZnT3 expression or function may underlie
319 the expression of zinc plasticity. In the retina, optic nerve injury increases ZnT3 immunostaining,
320 supporting that increases in ZnT3 expression mediate increases in synaptic zinc levels (Li et al.,
321 2017). Yet, in the barrel cortex after whisker plucking, ZnT3 protein and mRNA levels remain
322  unchanged despite increases in vesicular zinc content (Liguz-Lecznar et al., 2005; Nakashima et
323 al, 2011). As such, changes in barrel cortex synaptic zinc levels are more consistent with a
324  modulation of ZnT3 function. In the context of ZnT3 modulation, it is interesting that the vesicular
325 glutamate transporter 1 (VGlut1) is co-targeted to synaptic vesicles with ZnT3, and increases
326  ZnT3 zinc transport (Salazar et al., 2005). Because VGIlut1 is highly expressed in the DCN
327  molecular layer (Zhou et al., 2007), one hypothesis is that modulation of VGlut1 may modulate
328  ZnT3 function in PF terminals. However, noise-induced zinc plasticity does not affect presynaptic
329  glutamate dynamics (Fig. 7 D), suggesting that zinc and glutamate signaling can be independently
330 modulated. Therefore, a change in ZnT3 expression is a more likely candidate for mediating
331 decreased synaptic zinc levels after noise exposure in the DCN. While our results reveal a role

332  for Group 1 mGIuRs and changes in presynaptic zinc levels for the induction and expression of
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333  zinc plasticity, further support from additional experiments will be necessary to determine the
334  detailed induction and expression mechanisms.

335

336 Implications of zinc plasticity for LTP and LTD

337  Low frequency stimulation typically induces glutamatergic LTD (Mulkey & Malenka, 1992; Fujino
338 & Oertel, 2003), whereas HFS typically induces LTP (Malenka & Nicoll, 1993; Fujino & Oertel,
339 2003). Based on our findings, we propose that zinc plasticity by L/HFS may further enhance LTD
340 and LTP. Namely, LFS increases zinc signaling, thereby increasing NMDA/AMPAR inhibition,
341 which would further enhance the effects of glutamatergic LTD. HFS reduces zinc signaling,
342  thereby reducing NMDA/AMPAR inhibition, which would further enhance LTP. Overall, zinc
343 plasticity serves as a positive feedback mechanism to enhance the effects of LTP or LTD on
344  glutamatergic synaptic transmission.

345

346  Zinc inhibits NMDARs and thus modulates the induction of NMDAR-dependent LTP and LTD in
347  the hippocampus (Izumi et al., 2006; Takeda et al., 2009; Vergnano et al., 2014). As such, zinc
348 plasticity may also contribute to ‘metaplasticity’, the modulation of subsequent LTP and LTD
349  (Abraham & Tate, 1997). Based on our findings, HFS-dependent reductions in zinc signaling will
350 promote subsequent NMDAR-dependent LTP and decrease subsequent NMDAR-dependent
351 LTD. Conversely, increases in zinc signaling after LFS would inhibit subsequent NMDAR-LTP
352 and enhance NMDAR-LTD. Together, zinc plasticity acts a positive feedback signal in NMDAR-
353 dependent synaptic plasticity and metaplasticity.

354

355 Insynapses expressing mGluR-dependent LTD (Oliet et al., 1997), zinc plasticity is also expected
356 to act as a positive feedback signal, for LFS is expected to enhance zinc levels and further
357  suppress glutamatergic transmission. However, in synapses expressing NMDAR-independent

358 LTP, such as in hippocampal mossy fiber-CA3 synapses, zinc plasticity is not expected to act as
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359 a positive feedback. Zinc contributes to mossy fiber presynaptic LTP in response to HFS (Pan et
360 al., 2011), and therefore if HFS reduces zinc levels in mossy fiber synapses, zinc plasticity will
361 act as negative feedback signal for subsequent LTP induction. Taken together, we propose that
362 the role of zinc plasticity in LTP and LTD depends on the specific mechanisms underlying LTP
363 and LTD, but zinc plasticity mostly acts as a positive feedback signal, especially for the most
364  abundant forms of LTP and LTD in the brain, which depend on NMDAR activation.

365

366 Clinical and translational implications of zinc plasticity

367 In the context of zinc plasticity as a positive feedback signal for NMDAR-dependent plasticity, it
368 s interesting that exposure to loud sound -- known to induce tinnitus -- decreases synaptic zinc
369 levels in the DCN. Such decreases could potentially lead to runaway excitation due to enhanced
370 LTP and decreased LTD, and thus to pathological DCN hyperactivity associated with tinnitus
371  (Tzounopoulos, 2008). Noise-induced pathological hyperexcitability through LTP/LTD-like
372  mechanisms in the DCN PF synapses has been hypothesized and recently implicated in tinnitus
373  treatment (Tzounopoulos, 2008; Marks et al., 2018), therefore suggesting that noise-induced
374  reductions in synaptic zinc might contribute to tinnitus.

375

376 In addition to a potential involvement of zinc signaling in tinnitus, pathological neuronal zinc
377  signaling is associated with numerous other neurological disorders, such as schizophrenia,
378  Alzheimer’s disease, and autism. Variants in the ZnT3 gene are associated with schizophrenia
379  (Perez-Becerril et al., 2016); Alzheimer’s patients display reduced levels of ZnT3 expression
380 (Olesen et al., 2016); ZnT3KO mice exhibit cognitive deficits similar to Alzheimer’s and autism-
381 like phenotypes (Adlard et al., 2010; Yoo et al., 2016); and a zinc ionophore rescues behavioral
382  phenotypes in mouse models of autism (Lee et al., 2015). Therefore, there is converging evidence
383 that pathological zinc signaling may play a significant role in the cognitive deficits observed in

384  these neurological disorders. As such, understanding the cellular mechanisms that govern the
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385 plasticity of zinc levels is a crucial first step in determining the molecular pathways that, when
386  disrupted, may lead to pathological zinc levels. Furthermore, elucidating these mechanisms, such
387  as the role of Group 1 mGIuR signaling identified here, may lead to novel targets and approaches
388 for treating pathological zinc signaling in disease states.

389

390 Materials and Methods

391 Animals

392 Male or female ICR mice (Envigo) were used in this study, aged between postnatal day 17 (P17)
393  to P28. All animal procedures were approved by the Institutional Animal Care and Use Committee
394  of the University of Pittsburgh, Pittsburgh, PA.

395

396 Brain slice preparation for electrophysiology and fluorescent imaging

397  Mice were deeply anesthetized with isoflurane (3% in O;), then immediately decapitated and their
398  brains were removed. Brain slices were prepared in artificial cerebrospinal fluid (ACSF, 34°C)
399 containing the following (in mM): 130 NaCl, 3 KCl, 1.2 CaCl,2H.0, 1.3 MgCl,6H,0, 20 NaHCOs,
400 3 HEPES, and 10 D-Glucose, saturated with 95% 0,/5% CO, (vol/vol), pH = 7.25-7.35, ~300
401 mOsm. Using a Vibratome (VT1200S; Leica), coronal brain slices (210 um thickness) containing
402  theleft dorsal cochlear nucleus (DCN) were cut, then placed in a chamber containing warm (34°C)
403  ACSF, and incubated for 60 min at 34°C, then room temperature (no longer than 3 hours) before
404  beginning electrophysiology or imaging experiments. Incubating ACSF was the same as cutting
405 ACSF, except it was stirred with Chelex 100 resin (Bio-Rad) for 1 hour to remove contaminating
406  zinc, then filtered using Nalgene rapid flow filters lined with polyethersulfone (0.2 um pore size).
407  After filtering, high purity CaCl,2H,0 and MgCl,6H,0 (99.995%; Sigma Aldrich) were added. All
408 plastic and glassware used for these experiments were washed with 5% nitric acid.

409

410
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411  Electrophysiology

412  Whole-cell recordings. DCN slices were transferred to the recording chamber and perfused with
413  ACSF (1-2 mL/min), maintained at ~34°C using an inline heating system (Warner Instruments).
414 Recording ACSF was the same as incubating ACSF (see above), except it contained 2.4 mM
415  CaCl,2H,0. Whole-cell recordings from cartwheel cells were performed using glass micropipettes
416  (3-6 MQ; Sutter Instruments). Cartwheel cells were identified by the presence of complex spikes
417 in cell-attached configuration before break-in or in response to current injections in current-clamp
418 mode after break-in (Zhang & Oertel, 1993; Manis et al., 1994; Tzounopoulos et al., 2004).
419 Recording pipettes were filled with a potassium-based internal solution (except for Fig. 6, see
420 below) containing the following (in mM): 113 K-gluconate, 4.5 MgCl,6H,0, 14 Tris-
421  phosphocreatine, 9 HEPES, 0.1 EGTA, 4 Na,ATP, 0.3 Tris-GTP, and 10 sucrose (pH = 7.25, 295
422  mOsm). For experiments shown in Fig. 6 B-D measuring NMDAR EPSCs, recordings were
423  performed using a cesium-based internal solution containing the following (in mM): 128
424  Cs(CH303S), 10 HEPES, 4 MgCIl,6H,0, 4 Na,ATP, 0.3 Tris-GTP, 10 Tris-phosphocreatine, 1
425 EGTA, 1 QX-314, and 3 Na-ascorbate (pH = 7.25, 300 mOsm). Recordings were performed using
426  ephus (Suter et al.,, 2010) and a MultiClamp 700B amplifier (Axon Instruments). Data were
427  sampled at 10 kHz and low-pass-filtered at 4 kHz. Series resistance (Rs) and input resistance
428  (Rm) were monitored during the recording period by delivering -5 mV voltage steps for 50 ms. R
429  was calculated by dividing the -5 mV voltage step by the peak current generated immediately
430  after the voltage step. R, was calculated by dividing the -5 mV voltage step by the difference
431 between the baseline and steady-state hyperpolarized current, then subtracting Rs. Data were
432  excluded if R or R, changed by more than 20% from the baseline period. EPSCs were evoked
433  using an Isoflex stimulator (A.M.P.l., 0.1 ms pulses) through a glass ACSF-containing theta
434  electrode to stimulate the zinc-rich parallel fibers. All EPSCs were recorded in the presence of
435 SR95531 (20 uM, GABA4R antagonist) and strychnine (1 uM, GlyR antagonist). AMPAR EPSCs

436  were recorded in voltage-clamp mode at -70 mV. For paired-pulse experiments, the inter-stimulus
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437 interval was 50 ms. NMDAR EPSCs were evoked by a 5-pulse stimulus train (20 Hz) (Anderson
438 etal., 2015), recorded in voltage clamp mode at +40 mV, and in the presence of DNQX (20 uM,
439  AMPA/kainate receptor antagonist). All drugs were always bath applied.

440

441  Induction of plasticity. High-frequency stimulation (HFS) consisted of 3 trains of 100 Hz pulses for
447 1 sec, with 10 sec between trains. For the experiments shown in Fig. 1 C, a subset of cells (n=5)
443  were depolarized to -10 mV during each HFS train, while the other subset (n=6) were held at -70
444  mV during HFS. Because we observed no difference in the zinc plasticity (EPSC % baseline after
445  ZX1) between these subsets (depolarized = 102.7+5.4%, non-depolarized = 108.8+8.6%, p =
446  0.58, unpaired t test), they were grouped together for subsequent analysis. For all other
447  experiments, cells were voltage-clamped at -70 mV during HFS. For experiments measuring
448 NMDAR EPSCs after HFS (Fig. 6 B-D), DNQX (20 uM) was added after HFS, then cells were
449  voltage-clamped at +40 mV to record NMDAR EPSCs. Low-frequency stimulation (LFS)
450  consisted of 5 Hz pulses for 3 min. During LFS, cells were held at -80 mV in current-clamp mode.
451 To isolate mGluR-mediated plasticity, all LFS experiments were performed in the presence of
452 APV (50 uM, NMDAR antagonist), and with external ACSF containing 4 mM CaCl,2H,0 and 4
453  mM MgCI;6H,0 (Oliet et al., 1997). For normalized EPSCs (% baseline), EPSC amplitudes were
454  normalized to the average EPSC amplitude during the 5 min baseline period before L/HFS,
455 DHPG, or ZX1 application. To quantify ZX1 potentiation after L/HFS or DHPG application, EPSC
456 amplitudes were renormalized to the average EPSC amplitude of the new baseline period 5 min
457  before ZX1 application. ZX1 potentiation (shown in bar graphs) was quantified as the percent
458 increase in the average EPSC amplitude during the last 5 min of ZX1 application compared to the
459 5 min baseline period before ZX1 application.

460

461
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462  Vesicular zinc imaging with DA-ZP1

463  After preparation and incubation of DCN slices (described above), slices were transferred to the
464 imaging chamber and perfused with recirculating ACSF (2-3 mL/min) maintained at ~34°C.
465 Imaging of presynaptic vesicular zinc levels in DCN parallel fibers was performed using DA-ZP1,
466  a high-affinity, membrane permeable fluorescent zinc sensor (Zastrow et al., 2016). DA-ZP1 (0.5
467 uM) was added to the ACSF, and allowed to incubate for at least 5-10 min before imaging. In
468  order to quantify the effects of DHPG (Fig. 5) or noise exposure (Fig. 7A) compared to controls,
469  pairs of treated and control slices were always imaged simultaneously in the same imaging
470 chamber. Images were acquired using an upright microscope (Olympus BX5) with
471  epifluorescence optics through a 20x water immersion objective. Green fluorescent signals were
472  isolated using a Pinkel filter set (Semrock LF488/543/625-3X-A-000) in response to excitation by
473  an ephus-driven blue LED (M470L2; Thorlabs), and images were acquired using a CCD camera
474  (Retiga 2000R, QImaging). Images consisted of 20 frames captured at 0.2 Hz, which were then
475  averaged together and analyzed using custom routines in MATLAB (Mathworks). In order to
476  quantify zinc-sensitive fluorescence in the DCN molecular layer, a region of interest (ROI) within
477  each slice was selected containing the zinc-rich molecular layer or the zinc-lacking deep layer
478  (Zastrow et al., 2016; Kalappa et al., 2015). Fluorescence intensity was averaged within each
479  ROI, and the zinc-sensitive fluorescence for each slice was calculated by subtracting the deep
480 layer fluorescence from the molecular layer fluorescence. Zinc-sensitive fluorescence in treated
481  slices (DHPG in Fig. 5B or noise exposure in Fig. 7A) was normalized to the simultaneously
482  imaged control, non-treated, slice. For DHPG experiments (Fig. 5), DHPG (5 uM or 50 uM) was
483 added to ACSF in the incubating chamber at least 20 min before initiating imaging. For
484  experiments testing potential effects of ZX1 on DA-ZP1 fluorescence (Fig. 6E), imaging of ZX1-
485 treated or control slices was performed in the presence or absence, respectively, of ZX1 (100 uM)

486 in the external ACSF. For ZX1-treated slices, ZX1 was added to the ACSF 10 min before adding
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487  DA-ZP1, then fluorescent images were acquired 10 min after DA-ZP1 application (20 min after
488  ZX1 application).

489

490 Noise exposure

491 Noise exposure was performed based on previously published methods (Kalappa et al., 2015).
492  Sham- or noise-exposed mice were anesthetized using 3% isoflurane during induction and 1-
493  1.5% during maintenance. Noise-exposed mice were exposed for 4 hours to narrow bandpass
494  noise at 116 dB sound pressure level (SPL), centered at 16 kHz with a 1.6 kHz bandwidth. Noise
495  was presented unilaterally (left ear) through a pipette tip inserted into the left ear canal, with the
496  other end attached to a calibrated speaker (CF-1; Tucker Davis Technologies). Sham-exposed
497  mice underwent an identical procedure except without any noise exposure. For mice given
498 intraperitoneal injections of AIDA (2 mg/kg) or vehicle (saline, 0.9% NaCl), one injection was given
499 30 min prior to exposure, and a second injection was given 2 hours later. After noise- or sham-
500 exposure, ABRs were collected and mice recovered from anesthesia, then DCN slices were
501 prepared (within 30 min after exposure).

502

503 ABRs

504  Auditory Brainstem Responses (ABRs) were measured based on previously published methods
505 (Kalappa et al., 2015). ABRs were recorded immediately after noise- or sham-exposure. During
506 ABR measurements, mice were anesthetized using 3% isoflurane during induction and 1-1.5%
507  during maintenance. Mice were placed in a sound attenuating chamber and temperature was
508 maintained at ~37°C using a heating pad. A subdermal electrode was placed at the vertex, the
509 ground electrode placed ventral to the right pinna, and the reference electrode placed ventral to
510 the left pinna (sham- or noise-exposed ear). For ABR measurements from contralateral ears of
511 noise-exposed mice, the reference electrode was placed ventral to the right pinna (contralateral

512  ear) and the ground electrode placed ventral to the left pinna. ABRs were detected in response
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513 to 1 ms click sound stimuli, presented through a pipette tip inserted into the ear canal, with the
514  other end attached to the speaker (CF-1; Tucker Davis Technologies). ABRs were recorded in
515 response to clicks presented in 10 dB steps, ranging from 0-80 dB SPL. 1 ms clicks were
516 presented at a rate of 18.56/sec using System 3 software package from Tucker Davis
517  Technologies, and ABRs were averaged 512 times and filtered using a 300-3,000 Hz bandpass
518 filter. ABR threshold was defined as the lowest stimulus intensity which generated a reliable Wave
519 1 in the response waveform. Wave 1 amplitude was measured as the peak-to-trough amplitude
520  of the first wave in the ABR waveform (latency ~2 ms), in response to 80 dB SPL clicks.

521

522  Drugs

523  All chemicals used for ACSF and internal solutions were purchased from Sigma-Aldrich. The
524  following drugs were purchased from HelloBio: SR95531 hydrobromide, DL-AP5, DNQX
525 disodium salt, MPEP hydrochloride, LY367385, and (S)-3,5-Dihydroxyphenylglycine (DHPG).
526  Strychnine hydrochloride was purchased from Abcam. (S)-a-Methyl-4-carboxyphenylglycine
527 (MCPG) and (RS)-1-Aminoindan-1,5-dicarboxylic acid (AIDA) were purchased from Tocris. ZX1
528 was purchased from STREM Chemicals.

529

530 Data analysis

531 All data analysis was performed using Matlab (Mathworks), Excel (Microsoft), or Prism 7
532  (GraphPad). For statistical comparisons, we used one-sample t tests or unpaired t tests (between
533  groups) if the data passed the Shapiro-Wilk normality test. Welch’s correction was used if
534  variances were significantly different (F test). For non-normally distributed data, we used Wilcoxon
535  signed rank tests or Mann-Whitney tests (between groups). Significance levels are defined as p
536 < 0.05. Group data are presented as mean + SEM.

537

538
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812

813  Figure Legends

814  Figure 1. High-frequency stimulation (HFS) reduces synaptic zinc signaling in DCN parallel
815 fibers. (A) Schematic of experimental setup illustrating stimulation of zinc-rich glutamatergic DCN
816 parallel fibers (PFs) and whole-cell recording of a postsynaptic cartwheel cell (CWC). (B) Left:

817  Time course of AMPAR EPSC amplitude before and after ZX1 application, normalized to baseline
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818 before ZX1 application (100 uM). Right: Example AMPAR EPSCs before and after ZX1
819  application, showing ZX1 potentiation (C) Left: Time course of AMPAR EPSC amplitude before
820 and after HFS, and before and after subsequent ZX1 application (blue). After obtaining a stable
821  baseline, HFS was delivered (3 x 100 Hz for 1 sec, 10 sec ISI). To examine ZX1 potentiation after
822  HFS, after obtaining a stable baseline after HFS, AMPAR EPSC amplitude was renormalized to
823 the new baseline before ZX1 application. The renormalization is indicated by a gap and restart of
824  timing in the x-axis. For comparison, red line shows normalized time course of AMPAR EPSC
825  amplitude before and after ZX1 application in controls replotted from B. Right: Example AMPAR
826 EPSCs showing no ZX1 potentiation after HFS. (D) Average ZX1 potentiation (% increase from
827  baseline) during the last 5 min of ZX1 application. ‘Control’: 34.47 + 5.7%, n=10, *p=0.0002, one-
828 sample t test vs. 0%. ‘HFS’: 6.0 £ 5.15%, n=11, n.s. p=0.27, one-sample t test vs. 0%. ‘Control’
829 vs. 'HFS’: *p=0.002, unpaired t test. The change in ZX1 potentiation is termed zinc plasticity.
830  Values represent mean + SEM. Star (*) indicates p<0.05.

831

832  Figure 2. Group 1 mGIuR activation is required for HFS-induced zinc plasticity. (A) Time
833  course of AMPAR EPSC amplitude before and after HFS in the presence of APV (50 uM), and
834  before and after subsequent ZX1 application. (B) Same time course as in A but in the presence
835 of LY367385 (100 uM), MPEP (4 uM), and APV (50 uM). For (A-B), to examine ZX1 potentiation
836  after HFS, similar approach and renormalization as in 1C was performed. Red line shows the time
837 course of AMPAR EPSC amplitude before and after ZX1 application in controls replotted from
838 1B. Example traces show AMPAR EPSCs before and after ZX1. (C) Average ZX1 potentiation
839 (% increase from baseline) during the last 5 min of ZX1 application, shown with control data from
840 1B. ‘HFS + APV’: 4.28 + 6.08%, n=9, n.s. p=0.502, one-sample t test vs. 0%. ‘HFS + LY 367385,

841 MPEP, APV’: 36.07 £ 9.05%, n=5, *p=0.016, one-sample t test vs. 0%. ‘Control’ vs. ‘HFS + APV’:
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842  *p=0.002, unpaired t test. ‘HFS + APV’ vs. ‘HFS + LY367385, MPEP, APV’: *p=0.011, unpaired t
843 test. Values represent mean + SEM. Star (*) indicates p<0.05.

844

845  Figure 3. Low frequency stimulation (LFS) increases synaptic zinc signaling in DCN PFs,
846  and requires Group 1 mGluRs. (A) Time course of AMPAR EPSC amplitude before and after
847 LFS (5 Hz, 3 min), and before and after subsequent ZX1 application (cyan); and similar time
848  course in interleaved control experiments (without LFS, red). (B) Same time course as in A but in
849  the presence of LY367385 (100 uM) and MPEP (4 uM) (green). Red line shows similar time
850 course in controls replotted from A. For (A-B), to isolate mGluR-dependent plasticity, all
851 experiments were performed in the presence of APV (50 uM), and with ACSF containing 4 mM
852 Ca®* and 4 mM Mgz+. To examine ZX1 potentiation after LFS, similar approach and
853  renormalization as in 1C was performed. Example traces show AMPAR EPSCs before and after
854  ZX1. (C) Average ZX1 potentiation (% increase from baseline) during the last 5 min of ZX1
855  application. ‘Control’: 19.65 £ 4.3%, n=5, *p=0.01, one-sample ttest vs. 0%. ‘LFS’: 57.86 + 12.4%,
856 n=6, *p=0.005, one-sample t test vs. 0%. ‘LFS + LY367385, MPEP’: 22.18 + 8.3%, n=6, *p=0.04,
857  one-sample t test vs. 0%. ‘Control’ vs. ‘LFS’: *p=0.026, unpaired t test with Welch’s correction.
858 ‘LFS’ vs. 'LFS + LY367385, MPEP’: *p=0.038, unpaired t test. Values represent mean + SEM.
859  Star (*) indicates p<0.05.

860

861 Figure 4. Group 1 mGIuR activation is sufficient to induce bidirectional zinc plasticity. (A)
862  Time course of AMPAR EPSC amplitude before and after application of 50 uM DHPG, and before
863  and after subsequent ZX1 application. (B) Time course of AMPAR EPSC amplitude before and
864  after application of 5 uM DHPG, and before and after subsequent ZX1 application. For (A-B),
865  after obtaining a stable baseline, DHPG was applied. To examine ZX1 potentiation after DHPG

866  application, after obtaining a stable baseline after DHPG, AMPAR EPSC amplitude was
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867  renormalized to the new baseline before ZX1 application. The renormalization is indicated by a
868  gap and restart of timing in the x-axis. (C) Time course of AMPAR EPSC amplitude before and
869  after ZX1 application after 50 uM DHPG (cyan), after 5 uM DHPG (purple), and in control (red
870 line, replotted from 1B). Example traces show AMPAR EPSCs before and after ZX1. (D) Average
871  ZX1 potentiation (% increase from baseline) during the last 5 min of ZX1 application, shown with
872  control data from 1B. ‘DHPG (50 uM)’: 93.51 + 10.92%, n=5, *p= 0.001, one-sample t test vs. 0%.
873  ‘DHPG (5 uM): 0.44 + 7.08%, n=5, n.s. p=0.95, one-sample t test vs. 0%. ‘Control’ vs. ‘DHPG (50
874  uM)’: *p=0.0001, unpaired t test. ‘Control’ vs. ‘DHPG (5 uM)’: *p=0.003, unpaired t test. Values
875  represent mean + SEM. Star (*) indicates p<0.05.

876

877  Figure 5. Group 1 mGIuR activation bidirectionally modulates presynaptic zinc levels in
878 DCN PFs. (A) Left: Schematic of DA-ZP1 imaging of presynaptic zinc levels, illustrating the
879  molecular and deep layers of the DCN in brain slices. Right: Example of DA-ZP1 presynaptic
880  zinc-mediated fluorescent signals in the molecular layer, in control, after 50 uM DHPG, and after
881 5 uM DHPG. (B) Average DA-ZP1 (0.5 uM) fluorescence in DCN slices incubated with 50 uM or
882 5 uM DHPG, normalized to simultaneously imaged control slices. ‘DHPG (50 uM): 153.9 +
883  13.42%, n=6, *p=0.01, one-sample t test vs. 100%. ‘DHPG (5 uM)’: 79.68 + 6.66%, n=6, *p=0.028,
884  one-sample t test vs. 100%. Values represent mean + SEM. Star (*) indicates p<0.05.

885

886  Figure 6. Zinc plasticity does not depend on AMPAR plasticity, and it affects zinc-mediated
887  inhibition of NMDARs. (A) Plot of AMPAR EPSC amplitude after ZX1 (% baseline before ZX1)
888  versus AMPAR EPSC amplitude changes after HFS (% baseline before HFS) for the experiments
889 included in Figs. 1C and 2A-B, showing no correlation between AMPAR plasticity and subsequent
890  potentiation by ZX1. Pearson r=0.1, n.s. p=0.63. Red line shows linear regression fit. (B) Left:

891 Time course of AMPAR EPSC amplitude before and after HFS, and NMDAR EPSC amplitude
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892  before and after subsequent ZX1 application (blue); and similar time course in interleaved control
893  experiments (without HFS, red). Right. Example NMDAR EPSCs before and after ZX1
894  application. (C) Same time course as in B but in the presence of LY367385 (100 uM) and MPEP
895 (4 uM) (green). Red line shows similar time course in controls replotted from B. Example traces
896 show NMDAR EPSCs before and after ZX1. For (B-C), after obtaining a stable baseline of
897 AMPAR EPSCs, HFS was delivered, then DNQX (20 uM) was applied. NMDAR EPSCs were
898  then recorded at +40 mV normalized to the baseline NMDAR EPSC amplitude before ZX1
899  application. The switch from AMPAR to NMDAR EPSC timecourse, and the renormalization of
900 EPSC amplitude are indicated by a gap and restart of timing in the x-axis. (D) Average ZX1
901 potentiation (% increase from baseline) during the last 5 min of ZX1 application. ‘Control’: 37.1 +
902  3.1%, n=5, *p=0.0003, one-sample t test vs. 0%. ‘HFS’: 9.2 £ 5.2%, n=6, n.s. p=0.16, Wilcoxon
903  signed rank test vs. 0%. ‘HFS + LY267385, MPEP’: 42.6 + 8.2%, n=5, *p=0.007, one-sample t
904 testvs. 0%. ‘Control’ vs ‘HFS’: *p=0.009, Mann Whitney test. ‘HFS’ vs ‘HFS + LY367385, MPEP’:
905 *p=0.03, Mann Whitney test. (E) Left: Example of DA-ZP1 presynaptic zinc-mediated fluorescent
906 signals in the DCN molecular layer, in control and ZX1-treated slices. For ZX1-treated slices, ZX1
907 (100 uM) was applied 10 min before DA-ZP1 and maintained throughout the experiments. Right:
908 Average DA-ZP1 (0.5 uM) fluorescence (arbitrary units) in control and ZX1-treated slices.
909 ‘Control’: 27.16 + 5.92, n=5. ZX1’: 24.76 £ 5.78, n=5. ‘Control’ vs. ‘ZX1’: n.s. p=0.78, unpaired t
910 test. For (D-E), values represent mean + SEM. Star (*) indicates p<0.05.

911

912  Figure 7. Sound-dependent zinc plasticity requires Group 1 mGluRs. (A) Left: Example of
913 DA-ZP1 presynaptic zinc-mediated fluorescent signals in the DCN molecular layer, in slices from
914  sham-exposed mice (Control), noise-exposed mice (N.E.), N.E. AIDA-treated mice (N.E. + AIDA),
915  N.E. vehicle-treated mice (N.E. + veh.), and sham-exposed AIDA-treated mice (sham + AIDA).

916  Right: Average DA-ZP1 (0.5 uM) fluorescence for the same groups as on the left, normalized to
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917  simultaneously imaged control slices from sham-exposed mice. ‘N.E.”: 41.12 £ 17.38%, n=6,
918 *p=0.019, one-sample ttest vs. 100%. ‘N.E. + AIDA’: 126.3 + 30.67%, n=6, n.s. p=0.844, Wilcoxon
919  signed rank test vs. 100%. ‘N.E. + veh.: 47.75 + 16.16%, n=5, *p=0.032, one-sample t test vs.
920 100%. ‘Sham + AIDA’: 96.33 + 16.77%, n=6, n.s. p=0.836, one-sample t test vs. 100%. (B) Time
921  course of AMPAR EPSC amplitude before and after ZX1 application in slices from N.E. mice
922  (gray) and N.E. AIDA-treated mice (orange). Example traces show AMPAR EPSCs before and
923  after ZX1. (C) Average ZX1 potentiation (% increase from baseline) during the last 5 min of ZX1
924  application. ‘N.E.”: 11.7 £ 8.56%, n=5, n.s. p=0.24, one-sample t test vs. 0%. ‘N.E. + AIDA’: 43.8
925 £ 8.05%, n=6, *p=0.003, one-sample t test vs. 0%. ‘N.E.’ vs ‘N.E. + AIDA’: *p=0.024, unpaired t
926  test. (D) Left: Average paired-pulse ratio (PPR, pulse 2 / pulse 1) of baseline AMPAR EPSCs in
927  slices from N.E. mice and N.E. AIDA-treated mice. ‘N.E.”: 1.896 + 0.19, n=5. ‘N.E. + AIDA: 2.056
928 +0.12,n=6. ‘N.E." vs ‘N.E. + AIDA’: n.s. p=0.476, unpaired t test. Example traces show AMPAR
929  EPSCs in response to two pulses. Right: coefficient of variation (CV) analysis (1/CV?) of baseline
930 AMPAR EPSCs (pulse 1) in slices from N.E. mice and N.E. AIDA-treated mice, normalized to
931 N.E. mice. ‘N.E. + AIDA: 0.78 + 0.22, n=6; n.s. p=0.44, Wilcoxon signed rank test vs. 1. (E)
932 Example Auditory Brainstem Responses (ABRs, 10-80 dB SPL sound stimuli) from sham-
933  exposed mice (recorded from sham-exposed, ipsilateral ear, black), N.E. mice (gray), and N.E.
934  AIDA-treated mice (orange). Because no ABRs were detected in the ipsilateral ears of N.E. mice,
935 ABRs were measured from ears contralateral to noise exposure. (F) Left: Average ABR
936  thresholds (dB SPL): ‘Sham ipsi.”: 43.75 + 3.24, n=8. ‘N.E. contra.”: 68 + 3.74, n=5. ‘N.E. + AIDA
937 contra.: 65.71 £ 2.97, n=7. ‘Sham ipsi.’ vs ‘N.E. contra.”: *p=0.0006, unpaired t test. ‘Sham ipsi.
938 vs “N.E. + AIDA contra.”: *p=0.002, Mann Whitney test. Right: Average ABR Wave | amplitude
939  (uV): ‘Sham ipsi.: 2.67 £ 0.31, n=8. ‘N.E. contra.”: 1.28 + 0.15, n=5. ‘N.E. + AIDA contra.”: 1.25 +

940 0.27, n=7. ‘Sham ipsi.’ vs ‘N.E. contra.”: *p=0.006, unpaired t test. ‘Sham ipsi.’ vs ‘N.E. + AIDA
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941 contra.: *p=0.006, Mann Whitney test. For (A, C-D, F), values represent mean + SEM. Star (*)

942  indicates p<0.05.
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