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Glutamate (Glu) is a crucial fundamental excitatory neurotransmitter released through vesicular exocytosis in the central nervous system. Hence, quantitative measurements of intravesicular Glu and of transient exocytotic release contents directly from individual living neurons are highly desired for understanding the mechanisms (full or sub-quantal release?) of synaptic transmission and plasticity. However, this could not be achieved so far due to the lack of adequate experimental strategies relying on selective and sensitive Glu nanosensors. Herein, we introduce a novel electrochemical Glu nanobiosensor based on a single SiC nanowire prone to selectively measure in real-time Glu fluxes released via exocytosis by large Glu vesicles (ca. 125 nm diameter) present in single hippocampal axonal varicosities as well as their intravesicular content before exocytosis. Combination of these two series of measurements revealed a sub-quantal release mode in living hippocampal neurons, viz., only ca. one third to one half of intravesicular Glu molecules are released by individual vesicles during exocytotic events. Importantly, this fraction remained practically the same when hippocampal neurons were pretreated with L-Glu-precursor L-glutamine, while it significantly increased after zinc treatment, although in both cases the intravesicular contents were drastically affected. By affording quantitative measurements of intravesicular Glu inside living neurons and of its sub-quantal release fractions this work is opening new possibilities for investigating in situ and in time the regulatory mechanisms of glutamatergic neurotransmission and plasticity.

Vesicular release of glutamate (Glu), a main excitatory neurotransmitter released in the central nervous system, is essential to ensure major brain functions such as cognition, memory and learning. [1] Recent evidences based on indirect strategies propose that only part of Glu molecules stored in neuronal vesicles could be released through vesicular exocytosis. [2] Confirming such indirect evidences is an important challenge considering that any modulation of vesicular release (i.e., partial or subquantal vs. full) is assumed to be an important factor associated to dynamic plasticity. Together with ascending regulation of the intravesicular content of neuronal vesicles, fine Glu-modulations are important for neural communication, memory, learning and metabolic regulation through their role on the synaptic communication efficiency of other neurotransmitters.[3] Therefore, direct, real-time, selective and quantitative monitoring of the characteristics of vesicular exocytotic Glu releasing events as well as independent knowledge of the initial intravesicular amounts of Glu are extremely important to understanding how neurons may adjust and coordinate their appropriate levels of excitability. However, direct in situ measurements of the intravesicular Glu content and of the amounts released during the corresponding individual exocytotic events could not be performed so far. In particular, the important issue of deciding unambiguously whether vesicular Glu release from single neurons is complete or sub-quantal could not be elucidated prior to this work.

Electrochemistry at microelectrodes and nanoelectrodes introduced significant possibilities for realtime monitoring of transient exocytotic events involving electroactive neurotransmitters and extracting quantitative and kinetic information with high spatiotemporal resolution.[4] For catecholamines and other related electroactive transmitters this permitted to demonstrate that subquantal release and "Kiss and Run" events are the major ones at single neurons and inside single functional synapses. [5] In this context, the IVIEC strategy (intracellular vesicle impact electrochemical cytometry) introduced by Ewing's group [4g,5d,6] proved essential through offering an unique approach for measuring the mean total quantities of electroactive neurotransmitters stored inside individual vesicles in a cell before release occurs. Indeed the combination of these two types of measurements offers the only viable strategy for directly and unambiguously certifying the complete or sub-quantal quality of exocytotic vesicular release events from single living cells. However, both measurements require a nanosensor to selectively detect the released molecule.

Glu molecules being not electroactive, their electrochemical Faradaic detection requires modifying nanosensor surfaces with an enzyme such as glutamate oxidase (GluOx) prone to quantitatively and quickly convert Glu into an electroactive molecule such as H2O2. GluOx-modified microelectrodes allows fast (i.e., sub-millisecond) quantitative measurement of Glu released in vivo by brain slices and single cultured neurons, [7] and have been shown to fulfill all requirements for vesicle impact electrochemical cytometry (VIEC) when applied to isolated vesicles. [2c] Herein, we wish to report the first nanofabrication of a Glu bioelectrochemical sensor perfectly adapted to in situ measurement of vesicular Glu content by IVIEC inside varicosities as well as the vesicular exocytotic amounts released by living neurons (Figure 1). This nanosensor was obtained by immobilizing GluOx onto a CVD-carbon modified SiC commercial nanowire (SiC@C). CVD-carbon coating was necessary for allowing adequate electrical conductivity to the SiC insulating nanowire. However, since electrooxidation of H2O2 at carbon material is difficult and sluggish, Pt nanoparticles (Pt-NPs) were electrodeposited onto the SiC@C surface before its modification with GluOx (Figure 1A). [8] This ensured fast and sensitive response to H 2 O 2 (Figures S1A). To increase the loading and stability of GluOx onto the Pt-NPs surface areas, polyethyleneimine (PEI) with a strong positive charge and adequate biocompatibility and a crosslinker (PEDGE) were used. [9] The successful immobilization of GluOx was characterized by Nicolet micro-FTIR (Figure S1B) and further evidenced by excellent electrochemical catalytic properties toward Glu oxidation (Figure 1B-C). A linear dependence at low Glu concentrations and saturation at high concentrations was observed, being consistent with enzymatic Michaelis-Menten kinetics. [10] The nanosensor kinetic parameters obeyed a Lineweaver-Burk equation adapted to amperometric data (Figure S1C):
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where K m,app = 0.22 mM is the Michaelis equilibrium constant, and I max = 83.3 pA is the maximum value of the current response. The sensitivity and detection limits were 0.24 pA/µM and 4.16 μM, respectively (S/N = 3). [11] These values reveal that GluOx retained its excellent enzymatic activity after immobilization on the sensor. Furthermore, the high selectivity of this sensor was evidenced by comparing its high current responses for Glu with those of potential interferents (Figure S2).

In addition, thanks to its cylindrical shape and its large aspect ratio this Glu nanoelectrochemical sensor is perfectly adapted to perform IVIEC measurements inside hippocampal axonal varicosities in living neurons for quantifying the mean intravesicular Glu content of individual vesicles (Figure 1D). Varicosities, the typical axonal sites where synapses may form, are reported to contain different types of vesicles. [12] Transmission electron microscopy (TEM, Figures 2A-a andS3) indicated that unpaired hippocampal varicosities (i.e., without any postsynaptic partner) are mostly equipped with large vesicles (LVs, Figure 2A-a; 123.6 ± 3.0 nm in diameter, n = 162) whereas varicosities involved in synapses contained mostly small vesicles (SVs, Figure S3; 50.7 ± 0.5 nm in diameter, n = 171). The Glu nanosensor was first applied to detect exocytotic release from unpaired hippocampal axon varicosities. For this purpose, it was placed laterally onto the top of varicosities (see cartoon in Figure 2A-b, Figure S4 and Figure S5). Release was elicited by high-K+ solution (62.5 mM) puffs, leading to a series of amperometric spikes (Figure 2B). No amperometric spikes could be observed when hippocampal neurons were stimulated in a Ca2+-free extracellular medium (Figure S6) or when SiC@C/Pt nanowires were not modified with GluOx (Figure S7). Therefore, the recorded trains of amperometric spikes unambiguously featured successive individual exocytotic Glu-release events. The most frequent type of spikes (Figure 2B-I; 46% occurrence frequency; single event) exhibited a shape similar to that most often observed for exocytotic events from endocrine cells [4a,5c] but the remaining other ones had complex shapes featuring a sequence of opening/closing phases of the fusion pore[5a,5b,5d] (Figures 2B-II-VI; see their relative frequencies in Figure S8 and Table S1) as previously reported before for individual Glu-release events recorded from brain slices.[2c,7c] Using Faraday's law, Q = 2FN (F = 96500 C is the Faraday constant, Q the peak electrical charge and N the total number of released molecules), statistical analyses evidenced that N = 113,000 ± 3,000 molecules (mean ± SEM, n = 243) for simple events while ca. 50-70% more Glu molecules were released during complex events (Table S1). This observation along with the variety of current spike shape characteristics suggests the presence of a regulatory mechanism acting during exocytotic release prone to control the size, dynamics and lifetime of fusion pores in order to modulate Glu release during synaptic transmission in hippocampus. S1 for statistical data): I: simple event; II-VI: complex events.

Being able to compare intracellular vesicular neurotransmitter contents to the mean released quantities measured with a same nanosensor (Figure 2A-b) permits a facile, precise and unambiguous quantification of the mean released fractions. Such data are crucial for revealing and analyzing the factors influencing vesicular storage/release and investigating the regulatory mechanisms of synaptic plasticity. [5d,13] Owing to their excellent mechanical properties, [8a] the present nanowire Glusensors could easily penetrate through the varicosities membranes (Figure S9A) to perform measurements of intravesicular Glu content by IVIEC. The biologically inert [Ru(NH3)6]3+ redox cation was added into the PBS cell bath to report on the progression of the nanowire electrode through varicosities membranes while simultaneously certifying that they tightly resealed around the nanowire during and after penetration to maintain the cell homeostasis.

[8] RuIII centers are reducible along the whole conducting surface of the nanowire (i.e., at Pt/GluOx-modified and unmodified zones of the whole conductive nanowire surface) but cannot cross through intact cell membranes due to their positive charge.

[8] Hence, since ca. 40% of the nanowire surface area was modified by Pt/GluOx, a drop to 60% of the RuIII reduction current (compare curve 3 in Figure S9A; n = 15) indicated that the whole Glu-sensing area was inserted inside the varicosity. After IVIEC measurements, more than 90% of the initial RuIII reduction current value was restored upon withdrawing of the electrode (compare curve 4 in Figure S9A; n = 15), indicating that the nanosensor electroactive surface was not significantly altered during its insertion or its permanence inside the varicosity.

No current transients could be detected in the absence of K+-stimulation when the Glu-nanosensor was positioned either laterally onto the varicosity membrane (compare to Figure 2A-b) or with its tip pressing against the membrane without penetrating through it (Figure 3A). Conversely, still without any K+-stimulation, well-defined amperometric spikes were recorded when the sensor was inserted into the varicosity membrane as shown in Figure 3B. This set of experiments confirmed that the spikes featured the oxidation of Glu spontaneously unloaded by vesicles crashing stochastically onto the sensor surface (Figure S9B). Statistical analyses revealed that the total intravesicular Glu content obeyed log-normal distributions (Figure 3C) with Ntot = 361,000 ± 3,000 molecules (mean ± SEM).

Considering the average diameter (123.6 ± 3.0 nm) of the large vesicles mostly present inside unpaired hippocampal varicosities (Figure 2A-a) i.e., their mean 980.0 ± 56.7 zL volume, a mean 0.60 ±0.03 M intravesicular Glu concentration was deduced. This is approximately 2 to 9 times greater than what was previously estimated from radioreceptor assays or immunoisolation of synaptic vesicles from synaptosomes[14] but is similar to a recently reported concentration (0.7 ± 0.05 M) evaluated by electrochemical measurements performed on isolated Glu-containing vesicles.

[2c] Compared to the number of released Glu molecules (113,000 ± 3,000) during simple exocytotic events this indicated that only one third of Glu molecules were released during simple vesicular exocytotic events. This released fraction increased up to ca. half of the total intravesicular content for complex events (compare Table S1). It must be emphasized that this strategy and the ensuing results afford the first fully coherent quantitative proof of sub-quantal release of Glu by living neurons during vesicular exocytosis. This prompted us to extend it in order to investigate if exocytotic Glu release and/or its intravesicular storage could be altered after incubating hippocampal neurons with L-glutamine (L-Gln) or zinc cations. Indeed L-Gln, a direct biochemical Glu precursor, and Zn2+ are reported to be involved in learning and memory process. [1b,15] Zn2+ is known to be stored in synaptic vesicles and closely involved in neurotransmission, while the zinc transporter 3 (ZnT3, a membrane protein) which regulates synaptic-vesicle zinc content and acts on Glu transporters in a Zn-dependent manner.

[16] Zn2+ has also recently been shown to strongly affect exocytotic release and storage in neurotransmitter-containing vesicles of PC12 endocrine cells.

[13a]

After incubation with L-Gln intravesicular Glu content and released amount significantly increased by ca. 259% (Ntot = 934,000 ± 7,000 molecules, n = 222) and 183% (N = 271,000 ± 2,000 molecules, n = 144), respectively. Remarkably, the fraction of released Glu (29%) remained almost unchanged vs. controls (Figure 4C-D). As expected L-Gln significantly improved the synthesis and intravesicular loading of Glu, but did not significantly affect the final fusion pore size[17] (Table S2). Contrastingly, Zn treatment caused a 42% decrease of the intravesicular Glu content (Ntot = 209,000 ± 3,000 molecules) but increased the number of released Glu molecules by ca. one third (N = 148,000 ± 3,000 molecules) reaching then ca. 70% of the vesicle content (Figure 4C-D). Most presumably, treatment with Zn2+ favored the formation of largest final exocytotic pores in agreement with the ca. 36% higher Imax values and ca. 50% longer rise times compared with the control group[15d,17] (Table S2). In summary, taking advantage of the novel nanowire Glu bioelectrochemical sensor with high sensitivity and selectivity, good spatial-temporal resolution and superior mechanical toughness, the number of Glu molecules initially present or released by single vesicles from varicosities of living neurons could be determined to provide statistically significant information. These results unambiguously established for the first time that less than one third of intravesicular Glu molecules are released during simple events; even when release occurred by a sequence of opening/closing pore phases (complex events) this fraction could only increase to ca. one half. Additional investigations with this electrochemical Glu-nanosensor allowed investigating the role of L-Gln or Zn, two species closely involved in learning and memory mechanisms, on the intravesicular Glu content and the sub-quantal release fractions. These results further validate the concept of sub-quantal release during vesicular exocytosis by extending its generality from catecholamines to Glu.

Work is currently underway in our laboratories to take further advantage of this novel coherent strategy enabled by the present nanowire glutamate electrochemical biosensor to analyze quantitatively in real time the influence of Glu modulations on synaptic plasticity and some neuropsychiatric disorders.

[11] As evident from the data in Figures 2B and3B (see also Table S2) several current spikes displayed current peaks intensities lying outside the linear range indicated by the Lineweaver-Burk equation in Eqn (1). Would the nanowire Glu sensor be used to monitor static or slow changing similar concentrations as performed during calibrations as in Figure 1C, this would obviously create a problem since the amperometric current would underestimate the concentrations falling outside the biosensor linear range. However, in the present situation the sensor is used to monitor kinetically transient Glu quantities released during forced (IVIEC) or spontaneous (vesicular exocytosis) fast events separated by comparatively long periods during which no glutamate is present around the sensor (compare the traces shown in Figures 2B and3B) so that the outcome is completely different. The present quantitative measurements involve the monitoring of transient concentration pulses (i.e., of fluxes) based on the total electrical charge exchanged per glutamate molecule globally oxidized at the electrode through the Glu-oxidase mediating enzymatic layer. These charges are determined by time integration of transient current spikes in which only the very narrow maximum current range exceeds the linear range of the sensor (compare the characteristic spikes shapes in Figures 2B or 3B) while most of charge exchanged during each event corresponds to the rising and descending branches of each current spike, i.e., when the electrochemical biosensor operates within its linear range. The brief concentration pulses around the spikes acute maxima range are nonetheless quantitatively detected over a few millisecond time delay (see section 1.7 in SI for a mathematical demonstration of this fact based on a radical but illustrative example). Hence, provided the time intervals between successive current spikes are large enough compared to the corresponding filtering time constant, the Glu quantities featured by each individual spike are quantitatively determined. This constraint is clearly fulfilled as evident through inspecting the typical traces shown in Figures 2B and3B.

Figure 1 .

 1 Figure 1. A) Schematic description of the fabrication of an electrochemical Glu-nanosensor from single SiC nanowire. Top cartoon sequence describes the fabrication process of a Pt/GluOx-modified SiC@C nanowire; SEM image are shown in the inset on the right (scale bars = 1 µm for the main view and 200 nm for the magnified one). Bottom scheme clarifies the mechanism of Glu electrochemical detection at the nanosensor surface. B) Cyclic voltammograms recorded at a single nanowire Glu sensor in PBS solution in absence (black) or in presence of 1 mM L-Glu (red). C) Calibration of the Glu nanowire sensor responses to a series of Glu concentration increments. Points on the plot represent mean ± SEM of values obtained with three independent biosensors. D) Schematic showing the amperometric monitoring of vesicular Glu exocytotic release from a single varicosity of a hippocampal neuron (I) or intravesicular Glu content by IVIEC (II) depending on the placement of the nanoelectrode.

Figure 2 .

 2 Figure 2. A-a) TEM of an unpaired hippocampal varicosity slice exhibiting vesicles (marked by arrows) with a mean diameter of 123.6 ± 3.0 nm, n = 162. A-b) Cartoon representing the amperometric monitoring of exocytotic vesicular Glu release from a single varicosity of a hippocampal neuron. B) Representative amperometric trace featuring a sequence of exocytotic events recorded from a varicosity stimulated with 62.5mM K+ when the potential of the Glu sensing nanoelectrode was set at + 700 mV vs Ag/AgCl reference electrode while the nanosensor Glu-active tip was placed laterally in contact with the cell membrane (see panel A-b and compare to Figure3Awhen only the extremity of tip was place in contact with the membrane without K+ stimulation). Different types of amperometric spike shapes are featured below the amperometric trace (523 events in total with relative frequencies of occurrence as shown in FigureS8for this representative trace; see also TableS1for statistical data): I: simple event; II-VI: complex events.

Figure 3 .

 3 Figure 3. A, B) Representative amperometric traces when the Glu-sensing nanowire is placed against the varicosity membrane (A) or inserted inside the varicosity (B) in absence of K+ stimulation. The nanosensor potential was set at + 700 mV vs Ag/AgCl reference electrode. C) Normalized frequency histograms describing the distribution of the detected Glu amounts as quantified from hippocampal varicosities by IVIEC (red, n = 598 events from 10 cells) or during 62.5 mM K+-stimulated exocytotic release (black, n = 351 events from 15 cells). D) Comparison of the mean numbers of Glu molecules released during vesicular exocytotic simple events or stored in intracellular vesicle (means ± SEM), ***p < 0.001.

Figure 4 .

 4 Figure 4. A, B) Representative amperometric traces featuring vesicular release during exocytosis (A) or recorded intracellularly with IVIEC (B) from single untreated varicosities (control) or treated with L-Gln (3 mg/ml during 15 min) or zinc (100 μM during 180 min). C, D) Average number of Glu molecules (C) and released fractions (D) monitored under each condition. Vesicular release during exocytosis (Exo): n = 351 events from 15 cells (control), n = 144 events from 5 cells (L-Gln), n = 121 events from 9 cells (zinc); IVIEC measurements (Iv): n = 598 events from 10 cells (control), n = 222 events from 5 cells (L-Gln), n = 212 events from 10 cells (zinc). Error bars in C are the standard errors of the mean (SEM); *p < 0.05, ***p < 0.001, relative to control.
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