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Abstract
Zinc is a trace element with a multitude of roles in biological systems including structural and
cofactor functions for proteins. Although most zinc in the central nervous system (CNS) is protein
bound, the CNS contains a pool of mobile zinc housed in synaptic vesicles within a subset of
neurons. Such mobile zinc occurs in many brain regions, such as the hippocampus, hypothalamus,
and cortex, but the olfactory bulb (OB) contains one of the highest such concentrations in the
CNS. Zinc is distributed throughout the OB, with the glomerular and granule cell layers
containing the highest levels. Here, we visualize vesicular zinc in the OB using zinc-responsive
fluorescent probes developed by one of us. Moreover, we provide the first demonstration that
vesicular pools of zinc can be released from olfactory nerve terminals within individual glomeruli
by patterned electrical stimulation of the olfactory nerve designed to mimic the breathing cycle in
rats. We also provide electrophysiological evidence that elevated extracellular zinc potentiates α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated synaptic
events. AMPA receptors are required for the synchronous activation of neurons within individual
OB glomeruli, and zinc-mediated potentiation leads to enhanced synaptic summation.

Introduction
Zinc within synaptic vesicles in the central nervous system (CNS) is colocalized mostly with
glutamate in a subset of glutamatergic “zinc-enriched” neurons1–6. This finding, combined
with evidence that depolarizing stimuli can release vesicular zinc, supports the view that
zinc is released during synaptic transmission7–10. Although the exact quantity released is
unknown, resulting extracellular zinc concentrations have been proposed to range from 10–
300 μM8–12.

Most studies on synaptically released zinc have focused on the mossy fiber/CA3 pathway in
the hippocampus. It has just been reported that vesicular zinc is required for presynaptic
mossy fiber-long term potentiation and also inhibits a form of postsynaptic mossy fiber-long
term potentiation13. A full understanding of the role of this pathway will require more work,
in part due to the complexity of the circuitry of the hippocampus. In contrast, in the
olfactory system, olfactory sensory neurons (OSNs) in the nose project their axons, via the
first cranial nerve, into the olfactory bulb (OB), the first region of the brain involved in odor
information processing. In the OB, OSN axon terminals make contact with OB neurons in
discrete anatomical structures called glomeruli. OSN nerve terminals in these glomeruli
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contain a high concentration of vesicular zinc. Because the function of this pathway is well
defined, namely to transmit olfactory sensory information to the brain, the OB lacks the
complexity of the hippocampus and is an ideal model system to explore the function of
synaptically released zinc.

Results from a variety of other studies provide further evidence that zinc modulates synaptic
transmission. For example, zinc inhibits NMDA receptor-, kainate receptor- and GABA
receptor-mediated responses in the hippocampus14–19, and we have reported similar findings
in OB neurons20–22. We have also shown that zinc has complex concentration-dependent,
biphasic (potentiation/inhibition) effects on native OB AMPA receptors (AMPARs) that
appear to depend on the molecular composition of the receptor23. Additional effects of zinc
on neuronal excitability within the OB include modulation of several types of voltage-gated
ion channels20. Collectively, these results support the notion that synaptically released zinc
influences synaptic transmission and neuronal excitability via multiple mechanisms. In the
present study, we use the zinc-sensitive fluorescent probe Zinpyr-1 (ZP1)24 to test the
hypothesis that patterned stimuli can evoke the release of zinc from OSN nerve terminals.
We also demonstrate that elevated extracellular zinc levels potentiate AMPAR-mediated
synaptic events resulting in synaptic summation.

Materials and Methods
Animal Use

The animals used for these experiments were used according to the guidelines of our
protocol approved by Florida State University's Animal Care and Use Committee and the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23).

Preparation of olfactory bulb slices for imaging
Olfactory bulb slices were prepared from 16-21-day-old Sprague Dawley rats that were
anesthetized with halothane and then killed by decapitation. Bulbs were rapidly removed
and placed in ice-cold oxygenated (95% O2 and 5% CO2) saline solution containing (in
mM): 83 NaCl, 26.2 NaHCO3, 2.5 KCl, 1 NaH2PO4, 3.3 MgCl2, 0.5 CaCl2, 22 glucose, and
72 sucrose. Horizontal slices (400 μm) were made with a Vibratome and incubated in a
holding chamber for 30 min at 35°C in a saline solution containing (in mM): 125 NaCl, 25
NaHCO3, 1.25 NaH2PO4, 25 glucose, 2.5 KCl, 1.0 MgCl2 and 2 CaCl2, pH 7.3. Slices were
then incubated in this solution at 20–24°C during the exposure to the zinc probe and
chelators. ZP1 was synthetized as previously reported24. For imaging, slices were placed in
a recording chamber and viewed with a Leica microscope equipped with DIC optics.
Electrical stimulation of olfactory sensory neuron axons was conducted with a patch pipette
filled with extracellular solution. Stimulus pulses were generated by a computer running
AxoGraph software (Sydney, Australia), which triggered a stimulus isolation unit
(stimulations ranged from 200–500 μA).

Electrophysiology
Whole-cell current- and voltage-clamp recordings were made at room temperature from OB
neurons after 7 to 21 days in primary culture as previously described23. The recording
chamber was perfused at 0.5–2.0 mL/min with a bath solution containing (in mM): NaCl,
162.5; KCl, 2.5; CaCl2, 2; MgCl2, 1; HEPES, 10; glucose, 10. The pH was adjusted to 7.3
with NaOH. The final osmolarity was 325 mOsm. Patch electrodes were pulled from
borosilicate glass to a final electrode resistance of 4–6 MΩ. These electrodes were filled
with a solution containing (in mM): KMeSO4, 145; MgCl2, 1; HEPES, 10; Mg-ATP, 4; Mg-
GTP, 0.5; and EGTA, 1.1 (pH 7.2; osmolarity 310 mOsm).
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Drugs were diluted in the bath solution and applied via a gravity-fed flow-pipe perfusion
system, assembled from an array of 600 μm-I.D. square glass barrels. An electronic
manipulator (Warner Instruments, Hamden, CT) was used to position the flow pipes near the
neuron, and pinch clamps were used to control drug flow. This allowed neurons to be
completely enveloped in a known concentration of drug and the speed of the solution
changes allowed peak drug responses to occur within 100 ms. Neurons were continuously
perfused with bath (“control”) solution, except during drug application. Bicuculline was
added to all solutions to block GABAA receptors and isolate glutamatergic synaptic events.
The applied agents were ZnCl2 (100 μM), bicuculline (10 μM), and AP5 (100 μM) from
Sigma.

Statistical analyses include Student t-test routines included in KaleidaGraph (Synergy
Sofware, Reading, PA).

Results
To visualize the location of vesicular zinc in the OB, we used the probe Zinpyr-1 (ZP1)24.
ZP1 has intense visible absorption and emission spectra, and its fluorescence turn-on is
selective for ionic zinc over other abundant, labile metal ions found in the CNS such as
calcium or magnesium. Furthermore, ZP1 is water-soluble and membrane permeable, which
allows visualization of vesicular zinc pools. Although previous investigators have reported
the location of zinc in the OB, these studies used fixed tissue25, 26. Because of the low
toxicity of ZP1 at experimental concentrations, the data presented here advance those
observations by using this probe to examine the location and release of zinc in living OB
slices.

Horizontal slices from 19- to 21-day-old rats were cut at 400 μm, then incubated in 30 μM
ZP1 for 30 min, and washed for 30 minutes to remove excess extracellular ZP1. Figure 1a
shows the layered pattern of the organization of the OB. Both the glomerular layer (top of
Fig 1a) and the granule cell layer (bottom of Fig 1a) reveal high-intensity fluorescence,
reflecting ZP1 binding of zinc. Only a very weak signal was detected in the external
plexiform layer, which contains very low concentrations of zinc. A higher magnification
view of a glomerulus, where vesicular zinc is localized to olfactory nerve terminals, is
shown in Figure 1b. A quantitative analysis of the signal intensities is shown in the insets.

To demonstrate that the signals depicted in Figure 1 reflect free ionic zinc, we applied the
zinc chelator tri-2-picolylamine (TPA) at 30 μM to absorb Zn2+ ions from ZP1-treated
slices27 (Z. Huang, X-a. Zhang, and S. J. Lippard, unpublished work). Figure 2a shows a
magnified view of a glomerulus after treatment with ZP1. TPA rapidly reduced the signal
over a period of 10 min, demonstrating that the fluorescence emission from ZP1 reflects
binding to ionic zinc (Figs 2b, 2c). Longer incubation times with TPA (>30 min) eliminated
the signal from ZP1 (not shown). A quantitative analysis (n=3) of the reduction of the signal
over time is shown in Figure 2d. As an additional control, we incubated ZP1-treated slices
(n=3) in an extracellular solution containing 50 mM KCl. The high extracellular potassium
solution eliminated the zinc signal within 10 minutes, presumably via depolarization-evoked
release of zinc-containing synaptic vesicles.

Analogous observations were made when we compared the effects of TPA on the
fluorescent zinc-mediated signal to that of the selective zinc chelator, N,N,N',N'-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN). OB slices were first incubated in ZP1 and then
exposed to either 30 μM TPA or 30 μM TPEN for 20 min. As shown in Figure 3, both TPA
and TPEN displace Zn2+ from the sensor and produce similar reductions in the signals.
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Although several studies have provided confirmation of zinc release from the mossy fiber
pathway in the hippocampus8–10, 13, there have been no published reports examining zinc
release in the OB. In contrast to the complex circuitry in the hippocampus, zinc-containing
OSN pathways projecting to the OB are more defined. OSNs expressing the same type of
odor receptor project to the same glomeruli, and odor-induced activation of these results in
synchronous activation of OB neurons innervating those glomeruli.

To demonstrate release of synaptic zinc in the OB, we incubated OB slices with ZP1 and
used electrical stimulation of the olfactory nerve layer to evoke zinc release. The stimulating
electrode was placed at the olfactory nerve-glomerular layer boundary to isolate a single, or
at the most a few, glomeruli innervated by the adjacent bundle of olfactory nerve axons. To
provide a natural pattern of activation, the olfactory nerve axon bundle was electrically
stimulated as a pattern consisting of five bursts (three pulses at 100 Hz) separated by 250 ms
(4 Hz) to mimic the breathing cycle in rats28. Each stimulus pattern was applied every 10–15
s for a total duration of 10 min. As shown in Figure 4, such patterns of stimuli resulted in a
selective reduction of the zinc signal in glomeruli adjacent to the stimulating electrode,
while nearby glomeruli remained unchanged (n=3). Patterned stimuli reduced the zinc signal
by 87.4 ± 6.8 % (p= 0.002). A quantitative analysis of the change in the fluorescent signal is
shown in Figure 4c.

To assess more directly the potential functional consequences of elevated extracellular zinc,
we examined the effects of zinc on glutamate-mediated synaptic transmission in the OB
using whole-cell current-clamp and voltage-clamp recordings. For these experiments, we
isolated AMPA receptor-mediated excitatory post-synaptic potentials (EPSPs) in mitral cells
(n=20) and interneurons (n=13). In a subset of these cells (12 mitral cells, 12 interneurons),
we also examined AMPA-receptor mediated post-synaptic currents (EPSCs) in voltage-
clamp mode to eliminate potential effects of zinc on voltage-activated ion channels in
current-clamp mode. Consistent with our previous findings on the effects of zinc on currents
evoked by exogenous AMPA application23, we found a significant difference in the
frequency of zinc-mediated potentiation between cell types that likely reflects differences in
AMPA receptor subunit composition. Co-application of 100 μM ZnCl2, 10 μM bicuculline
(to block GABAA receptor-mediated activity), and 100 μM AP5 (to block NMDA receptor-
mediated activity) potentiated AMPA receptor-mediated EPSPs and/or EPSCs in 12 of 20
(60%) of mitral/tufted (M/T) cells compared with only 3 of 13 (23%) of interneurons. Prior
to zinc perfusion, M/T cell EPSP amplitude was 5.5 ± 2.1 mV versus 17.8 ± 5.6 mV after
zinc perfusion (n=11; p < 0.001). EPSC amplitudes increased after zinc treatment from 22.5
± 6.0 pA to 32.4 ± 5.5 pA (n=8; p = 0.004). Zinc perfusion reduced both EPSPs and EPSCs
in a small subset of M/T cells (2 of 20) by about only 10%. In 6 of 20 M/T cells, zinc
appeared to have no measureable effect. In 3 of 13 interneurons, zinc potentiated EPSCs
(13.5 ± 2.9 pA vs. 20.8 ± 4.2 pA; n=3; p < 0.05). Among these 3 cells, EPSPs were
examined in only one and this showed potentiation to about 154% of control amplitudes.
Zinc-inhibited EPSPs (9.2 ± 3.3 mV vs. 2.5 ± 1.8 mV) and EPSCs (21.3 ± 4.1 pA vs. 8.2 ±
2.4 pA) in 4 of 13 interneurons (p < 0.05). Zinc had no measureable effect in 6 of 13
interneurons. For both cell types, the frequency of potentiation, inhibition, or no effect was
similar to that observed previously with application of 100 μM zinc during AMPA-evoked
currents23. In M/T cells, the dominant effect of zinc on AMPAR-mediated synaptic events
was potentiation, and as shown in Fig 5, such potentiation contributes to summation and
increases the probability of action potential generation.

Discussion
The results from the present study show, for the first time, that vesicular zinc is released
from OSN terminals by patterns of electrical stimulation designed to mimic the breathing
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cycle. This observation has important implications because the glomerular region of the OB
expresses a high density of targets for modulation by zinc released from OSNs, including the
AMPA receptors examined here. AMPA receptors in both M/T cells and juxtaglomerular
neurons are activated by glutamate released from OSNs. The present results extend our
previous biophysical/kinetic analyses of synaptic/extrasynaptic AMPA receptors23 by
isolating the synaptically activated AMPA receptors important to OB circuit function.
AMPA receptors play a key role in mediating lateral and self excitation between M/T cell
apical dendrites that project to the same glomerulus29–31. A subset of AMPA receptors
activated by OSNs and those activated between M/T cell dendrites are calcium-
permeable32–34. These may be of special significance in the context of our results
demonstrating synaptic release of zinc within glomeruli, as calcium-permeable AMPA
receptors also flux zinc and we have recently demonstrated that elevations in intracellular
zinc can modulate glycine receptors35. Whether intracellular zinc can also modulate other
ion channels involved in regulating neuronal excitability remains to be determined.

In many regions of the CNS, synchronization of activity is an important feature of neuronal
networks. Our results demonstrate that potentiation of AMPA receptor-mediated synaptic
events by zinc enhances synaptic summation and summation can contribute to
synchronization. In the olfactory system, OSNs transmit information to the OB encoded by
patterns of glutamate release onto OB neurons. As a result, the activity of mitral and tufted
cells projecting to the same glomerulus is synchronized on both slow and fast time
scales29, 30, 36–38 that are partially dependent on AMPA receptor activation29. Such
coordinated activity leads to temporal and spatial patterns of odor-evoked oscillations
among OB neurons. Whereas glutamate transmission generates the initial spatial patterns,
GABAergic neurons, driven by glutamatergic OB neurons (mitral and tufted cells), regulate
the temporal patterns33, 37. These patterns are believed to underlie the role of the OB in
encoding olfactory information. AMPA receptors, and other ion channels that are targets of
zinc (NMDA receptors, GABA receptors, potassium channels), all play important roles in
olfactory information processing. Hence, the influence of synaptically released zinc would
alter the activity of the glomerular network and the spatial and temporal patterns of network
behavior underlying sensory coding by the OB.
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Figure 1.
Localization of vesicular zinc in the OB. Horizontal slices of the OB were cut at 400 μm and
incubated in 30 μM ZP1 for 30 min. a) Intense fluorescent signals are evident within
glomeruli (in the glomerular layer) and in the granule cell layer. By contrast, the external
plexiform layer shows only a very weak fluorescent signal. b) A high magnification view of
the glomerular layer demonstrates the intensity of the vesicular zinc signal within glomeruli.
The insets show quantitative measurements of the zinc signal in the images as measured
along the lines drawn across the images using the plot analysis feature in ImageJ and
background subtracted. Glomerular Layer (GL); External Plexiform Layer (EPL); Granule
Cell Layer (GCL).
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Figure 2.
Chelation of zinc with TPA reduces the signal from ZP1. OB slices were incubated in 30
μM ZP1 for 30 min after which 30 μM of the zinc chelator, TPA, was added. The images
show high magnification views of the glomerular layer. a) The signal at time zero show
intense fluorescence from ZP1 binding of zinc within glomeruli. b) The signal is reduced 5
min after application of 30 μM TPA. c) Most of the signal is eliminated 10 min after TPA.
A quantitative group analysis (ImageJ) of the change in the signal over the 10-min
incubation with TPA is shown in panel (d). Signal intensities have been background
subtracted and normalized (n=3). A statistical difference between time zero and 5 min (p <
0.01) and 10 min (p < 0.0001) time points is indicated by the *. A statistical difference
between the 5 min and 10 min time points (p < 0.01) is indicated by the #.

Blakemore et al. Page 8

Metallomics. Author manuscript; available in PMC 2014 March 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Chelation of zinc with TPA and TPEN produce similar results. Top panel: OB slice after
incubation with 30 μM ZP1 for 30 min. Middle panel: Chelation of zinc by incubation with
30 μM TPA for 20 min substantially reduces the signal from ZP1. Bottom panel: The
reduction in the ZP1 signal after zinc chelation with 30 μM TPEN for 20 min was similar to
the reduction seen with TPA.
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Figure 4.
Evoked release of glomerular zinc with patterned electrical stimulation. a) OB slices
incubated in 30 μM ZP1 for 30 min reveal a laminar distribution of vesicular zinc. The
stimulating electrode is in place prior to stimulation. b) A pattern of electrical stimuli,
designed to mimic the breathing cycle (five bursts, three pulses at 100 Hz separated by 250
ms) and delivered to the olfactory nerve layer for 10 min, evoked release of zinc from
glomeruli adjacent to the stimulating electrode. c) A quantitative group analysis (ImageJ), of
the background subtracted and normalized zinc fluorescence before and after electrical
stimulation, shows the reduction in the zinc signal evoked by electrical stimulation (n=3). A
statistical difference between the control and the stimulated signal intensity (p < 0.002) is
indicated by the *. The position of the tip of the stimulating electrode in (a) and (b) is
indicated by the white arrowhead. GCL (granule cell layer); EPL (external plexiform layer);
GL (glomerular layer).
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Figure 5.
Extracellular zinc enhances AMPA receptor-mediated synaptic transmission. a) Glutamate-
mediated excitatory synaptic events evoke EPSPs resulting in bursts of action potentials. b)
Blockade of NMDA receptors, with the application of 100 μM AP5, dramatically reduced
excitation and isolated synaptic events mediated by AMPA receptors. c) Extracellular
application of ZnCl2 (100 μM) enhanced the amplitude of AMPA receptor-mediated
synaptic events. d) An expanded time scale of a segment of the trace in c) demonstrates how
such potentiation increases the opportunity for synaptic summation and action potential
generation. e) The effects of AP5 and Zn are rapidly reversible. f–i) To eliminate potential
contributions of Zn on voltage-gated ion channels, the protocol shown in a–d) was reapplied
in voltage-clamp mode. Zn also potentiated AMPA receptor-mediated EPSCs.
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