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As an important biological process, exocytosis and its molecular

mechanism have been widely investigated in recent yeare 1 um Y 50"'“‘|__

microelectrode electrochemical method has become an ideal tool
for the real-time monitoring of exocytosis with the decrease of
electrode dimension. The initial electrochemical monitoring of
exocytosis was performed by Wightman et &ince then, many
researchers have made efforts to monitor exocytosis from different
cell$® and artificial vesicled.The applied electrochemical probes
reported until now are almost all carbon fiber electrodes and
modified carbon fiber electrodes with the dimensions at several
micrometer levels. Wightman's grotideveloped smaller carbon  Figure 1. Amperometric monitoring of release from PC12 single cells by
fiber microelectrodes with a tip diameter of:&h, which are capable a microelectroded = 5 um) and a nanoelectrode (tip diameterca. 100

of monitoring exocytosis on the bovine chromaffin cell’'s surface hm). (A) SEM picture of a nanoelectrde; (B and D) photographs of actual
of several square micrometers. By combining the pulsed-laser mlcroelectrodecellanq nano_electrode:ell arrangement, respectively; (C)

. ; . . results from a carbon fiber microelectrode; (E) results from a nanoelectrode
imaging technique, further studies have proven that the neuroen-

) ! A (ca. 100 nm). The current spikes are magnified in the inset.
docrine cells have active release zones where release sites are

concentrated and most releases occur. The size of the cells is frompyhen the nanoelectrode was placed adjacent to the cell (the elec-
several micrometers to tens of micrometers, and a cell containstrode-cell distance was controlled to less than 0B, otherwise,
thousands of nanometer-size vesitles which messengers are  the amperometric signal could hardly be detected due to the small
stored. The experimental results of conventionally used microelec- grea of the electrode), a single current spike was detected with the
trodes only reflect the exocytotic characteristics of the whole cell nanoelectrode, corresponding to the dopamine release from a single
or a part region of the cell. Microelectrodes cannot satisfy the vesicle (Figure 1E). It indicates that although many vesicles may
I’equirements of diffel’entiating the characteristics of each releasere|ease neurotransmittersy 0n|y the neurotransmitters from the
site and cannot probe into the nanometer-size synaptic cleft for theyesicles just beneath the nanoelectrodes can be detected. The results
study of the neurotransmission mechanism. To accomplish suchfirst demonstrated that the monitoring of dopamine release from
investigations, which are very essential in neuroscience and eVensingle vesicles can be achieved by using a nanoelectrode.
in life science, smaller probes with nanometer-size dimensions are  To remove issues regarding cell-to-cell variation and irrepro-
required. Several researchers have pointed out this potential trendyycibility in stimulus delivery, a microelectrode and a nanoelectrode
of research, but so far, no papers have been reported yet. were used simultaneously to monitor the dopamine release from
We previously reported a new and facile method for the the single vesicles of the same cell. The results (Figure si,
fabrication of a low-noise carbon fiber nanoelectrode (tip diameter Supporting Information) are similar to that obtained with a
= 100-300 nm)’ In this paper, we first used the carbon fiber npangelectrode (Figure 1) and further demonstrate that the monitoring
nanoelctrode (tip diameter ca. 100 nm) (Figure 1A) as the  of dopamine release from single vesicles with high resolution can
working electrode and the HEKA EPC-9 patch clamp amplifier as only be achieved by the nanoelectrode.
the recording apparatus to amperometrically monitor rat pheochro-  popamine release from 121 PC12 cells was monitored a total
mocytoma (PC12) cells with high spatial resolution. of 212 times (each lasted 120 s) , and the results are summarized

Figure 1 shows the monitoring of dopamine release from PC12 i, Taple 1. Considering the differences of cell viability, the statistical
single cells with a microelectrode and a nanoelectrode. The tip size

of a microelectrode is close to the size of a single cell, and the tip Table 1. Monitoring of Dopamine Release from Vesicles Using
almost covered the whole cell (Figure 1B). When the electrode was Nanoelectrodes

Ll

placed adjacent to the cell, the stimulation by elevatéd#&lution monitoring % of time

caused exocytosis. The neurotransmitters from most of the covered current spikes time monitoring no. of spikes % of spikes

vesicles diffused to the surface of the electrode to be amperometri- non-spike 147 69.3 0 0

cally detected, which resulted in a series of current spikes, and each single spike 31 14.6 31 14.9

spike corresponds to a vesicle release (Figure 1C). The tip diameter Multi-spikes 34 16.1 177 85.1
212 100 208 100

of the nanoelectrode is 100 nm, which is nearly equal to the size of
a single PC12 vesicle (the average diamet&9 nm) (Figure 1D).

t Wuhan University. data were all from the exocytosis that occurred in the cells. It can
* Huazhong University of Science and Technology. be seen that 147 out of 212 times monitoring (69.3%) had no current
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spikes, indicating that no vesicles release dopamine beneath thehe same release site on the surface of cells; that is, after one vesicle
nanoelectrode, and these monitored sites were inactive release sitesused with the cell membrane and released dopamine, some other
65 of them (30.7%) had current spikes, such sites must be the activevesicles elsewhere were newcomers and then came to the same
release sites. We chose the PC12 cells that released dopamine atite to release dopamine, one by one. These experimental results
least at one site from the nanoelectrode measurements; 87 differentire consistent with the results obtained by total internal reflection
sites on the surfaces of 20 cells have been detected, and 30 of 87nicroscopy imaging.This is the first report of directly monitoring
different sites had current spikes (34.5%), which was similar to dopamine release from multiple vesicles at the same release site
the total statistical result (30.7%). The results demonstrated thatby the nanoelectrode electrochemical method due to its high spatial
most sites on the cell surfaces are inactive, and only a small partresolution.
of them is active. There were 208 current spikes detected in the 65 active release
The conclusions above were based on the statistics from 121sites, and there were 31 current spikes (14.9%) occurring in 31
cells and were consistent with the previously reported results of active release sites by single vesicle release and 177 current spikes
Wightman's group by using the microelectrode (diamet&um)> (85.1%) occurring in the other 34 active sites by dopamine
which proves the existence and distribution of the active and inactive sequential release from multi-vesicles at the same site (24 sites with
release zones. The nanoelectrode has also been used to monitd@2—5 vesicle release, 7 sites with-&0, and 3 sites with more than
different sites of the same cell. Five randomly selected different 10). The results have demonstrated that the dopamine release from
sites were detected in Figure 2A; no current spike was obtained atmulti-vesicles at the same sites plays the main role in the dopamine
release from PC12 cells.

In summary, we first used the nanoelectrodes to monitor of
A 10pAlL _| B
20s 5pA dopamine release from single PC12 cells and have demonstrated
L 10s that this method can be used to real-time monitor dopamine release

with high spatial resolution. The distribution of vesicle release sites
with high spatial resolution was monitored, and the distribution of
vesicle release sites was differentiated even in the same active
Figure 2. Monitoring the spatial distribution of vesicle release from a PC12 release zone. According to the experimental results, we discovered
cell with a carbon fiber nanoelectrode (ca. 100 nm). (A) Monitoring of that multiple vesicles can release dopamine at the same site on the
Iir‘]’ég”sfﬁg;“;sgesng :t'?&llzagteugsg'tt:: i:egoe‘é‘tli(/';m ?gi)kﬁﬂsoititg;?nf"itf surface of cells, and dopamine sequential release from multiple
two different sites of another PC12 cell r’esult%d in fi\ye current spikeg at vesicles at the same site playeq the maln role. in the do_pamme
the first sites and three at the second, respectively. release from PC12 cells. These discoveries provide a new idea and
method for deep study of the mechanism of exocytosis and

the first three detections, and one current spike was obtained at theneurotransmission.
last two detections, indicating the existence of the active and inactive
release sites on the surface of PC12 cells. The two sites, which Acknowledgment. We thank Prof. Cong-Yi Zheng for provid-
were located very close (less thaprh), were monitored in Figure ing the PC12 cell lines. This research was supported by the National
2B, with five current spikes at the first site and three current spikes Natural Science Foundation of China (No. 20299034; No. 20405012).
at the second site, showing that there were different active sites in . . . . . . .

. L Supporting Information Available: Detailed experimental details
the Sa’T‘e active relea_se ZOne. These results Show_that the dIStrIbUtIOI{’;\nd data treatment procedures. This material is available free of charge
o_f yesnc_le releqse §|tes even in tht_a same active zones can b‘?/ia the Internet at http://pubs.acs.org.
distinguished with high resolution using the nanoelectrode.
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