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ABSTRACT: Single cell amperometry and intracellular vesicle impact electrochemical cytometry were used to examine whether 
lidocaine can regulate neurotransmitter release or storage for PC12 cells to explain the biphasic effects whereby it can protect neu-
rons and improve cognitive outcome at low concentration, but can cause neurotoxicity at high concentration. We show that lido-
caine affects the behavior of PC12 cell exocytosis in a concentration dependent way, which exactly corresponds to its biphasic ef-
fects. At a relatively high concentration, it shows a much narrower pore size and a longer-duration fusion pore with less monoamine 
released than control cells. However, at a relatively low concentration, the fusion pore is open even longer than at high concentra-
tion, and with more monoamine released than control cells. Furthermore, intracellular vesicle impact electrochemical cytometry 
was used to confirm that lidocaine did not change the catecholamines content of the vesicles. These data provide a mechanism for 
the observed biphasic effects of the drug and suggest that lidocaine influences exocytosis through multiple mechanisms. 

INTRODUCTION 
Local anesthetics are used to a large extent in clinical sur-

gical practices.1 Although, the discovery of anesthetics revolu-
tionized surgical procedures, all currently used local anesthet-
ics are, to some extent, neurotoxic, which remains an obvious 
barrier to patient safety during or after surgical procedures2, 3. 
However, local anesthetics also appear to act as neuroprotec-
tive agents in animal studies4, 5. A low-dose local of these an-
esthetics attenuates cerebral ischemia in rats, and can also 
improve cognitive outcome after global cerebral ischemia and 
after cardiac surgery for human patients6. The mechanistic 
aspects underlying the neurobiological actions and side-effects 
of anesthetics are still poorly understood. Moreover, the 
downstream intracellular changes and changes in intracellular 
signaling level following local anesthetics is also poorly un-
derstood. Although we know that local anesthetics block sodi-
um channels, other ion channels or intracellular signaling 
pathways can also be affected7. At large concentrations of 
anesthetic, they affect consciousness and can lead to seizures, 
whereas at low concentration, they have neuroprotective ef-
fects and improve cognitive outcome.5, 8 Clearly, all the effects 
of local anesthetics cannot be explained by blocking sodium 
channels. So, we infer the effects of local anesthetics on excit-
atory or inhibitory neurotransmission might also contribute to 
their action.  

Single-cell amperometry, a real-time quantitative chemical 
method, can be used to analyze neurotransmitter release dur-
ing exocytosis9, 10, the central process in neuronal and hormo-

nal communication. By placing a microdisk electrode on top 
of a cell, and triggering release with an elevated K+ ion solu-
tion, transmitters exiting via exocytosis can be detected at the 
electrode. Each exocytotic events is individually collected, 
leading to recorded peaks. By analyzing all the peaks, parame-
ters related to the geometry and dynamics of the fusion pore 
and release process can be obtained. This system is fast 
enough to temporarily resolve dynamics of the neurotransmit-
ter released from individual exocytotic vesicles11-13. Intracellu-
lar vesicle impact electrochemical cytometry (IVIEC) has 
been developed to determine catecholamines in single vesicles 
inside living cells14. Here a nanotip electrode is used to pierce 
the cell and the vesicles in the cell cytoplasm appear to rupture 
on the electrode surface allowing dopamine in the vesicle to be 
oxidized and quantified. The IVIEC and amperometry experi-
ments provide fundamental knowledge about the mechanisms 
of neurotransmitter release, regulation by exocytotic proteins, 
and the effects of drugs on quantal size and fusion pore dy-
namics as well as the fraction of transmitter released 15-17.  

The study effect of lidocaine on the exocytotic release of 
neurotransmitter (e.g. dopamine) and vesicular storage using 
both amperometric measurement of release and IVIEC, re-
spectively, should lead to insights into the mechanism of ac-
tion for this anesthetic. Thus, in this work, we selected lido-
caine as a representative local anesthetic in clinical use. Single 
cell amperometry and IVIEC methods were used to study the 
effect of lidocaine on single cell neurotransmitter release and 
storage, using Pheochromocytoma (PC12) cells as a model. 
The effect of a 10-min treatment of PC12 cells with different 



 

concentrations of lidocaine on the dynamics, amount of dopa-
mine released during exocytosis and quantal size of vesicles 
were investigated. Surprisingly, lidocaine treatment is found to 
modulate exocytosis in different ways depending on the con-
centration applied, which might explain why lidocaine has 
biphasic effects pharmacologically.   

RESULTS AND DISCUSSION 
 Measurement of exocytosis. To measure exocytosis, a 
carbon fiber microelectrode was placed on top of a PC12 cell 
as shown in Figure 1A and the parameters of the release 
amount and dynamics were evaluated as in Figure 1B. The cell 

was stimulated with a 100 mM K+ solution to initiate exocyto-
sis leading to the recording of amperometric events. Figure 1B 
shows the parameters obtained from each individual exocytot-
ic spike: trise, the 25− 75% rise time; t1/2, the half peak width; 
tfall, the 75− 25% fall time; N, the number of catecholamine 
molecules, from individual events can be quantified with Far-
aday’s equation (N=Q/nF), where n is the number of electrons 
exchanged in the oxidation reaction (2 for  dopamine), Q is the 
area under the peak and F is Faraday’s constant (96485 Cmol-

1). 
PC12 cells were treated for 10 min with isotonic solution 

containing different concentrations of lidocaine. Typical exo-
cytotic traces obtained from control (10-min incubation in 
isotonic solution) and lidocaine (0.1 mM and 5 mM lidocaine 
in isotonic solution for 10 min incubation) are shown in Fig-
ure 2A, C and E, respectively. Figure 2 B, D and F are the 
corresponding averaged peaks obtained from the typical 
traces for control, 0.1 mM, and 5 mM lidocaine treatment, 
respectively. In all cases, a train of spikes follows the 5-s 
stimulation. The exposure of cells to 5 mM lidocaine leads to 
a wide and short peak whereas exposure to 0.1 mM lidocaine 
only leads to broad events without changing the height of 
peak compare with control cells (Figure 2 B, D and F).  

Lidocaine affects exocytosis in a dose-dependent man-
ner. Fig. 3 shows the average number of events per cell and 
the amount of dopamine released increased at lower concen-
trations of lidocaine (i.e., below 0.1 mM), but displayed a 
clear decrease (inhibitory effect) at higher concentrations of 
lidocaine leading to both fewer spikes and molecules re-
leased. The specific results obtained from control and cells 
treated with 0.1 mM and 5 mM lidocaine are summarized in 
Table 1, which reveal that 0.1 mM lidocaine treatment signif-
icantly increases the t1/2, trise, tfall, and the molecules released. 

Interestingly, 5 mM lidocaine also leads to a substantial in-

crease in t1/2 and tfall but a decrease in Imax and molecules re-
leased without changing the trise. These results might explain 
why lidocaine has a biphasic effect on seizure development 
(proconvulsant and anticonvulsant activity) 18, 19. A lower con-
centration of lidocaine has a protective effect on the brain after 
mild cerebral ischemia20,   but at high concentrations lidocaine 
is neurotoxic2.   Mitchell et al.  have shown that infusion of an 
antiarrhythmic dose of lidocaine improves neurologic outcome 
after cardiac operations, suggesting that at this dose, lidocaine 
is neuroprotective21.  
 

 

 
 

Fig. 1. A) Optical micrograph of the experimental setup 
for exocytosis. Scale bar: 20 μm. Detection of exocytosis 
was carried out by applying 700 mV (versus Ag/AgCl 
reference electrode) to the electrode. B) Scheme to show 
the different parameters for event analysis . 

Fig. 2. Typical amperometric traces and corresponding 
averaged event peaks from a single K+-stimulated PC12 
cell (A, B control; C, D, 0.1 mM lidocaine; E, F 5 mM 
lidocaine).  

Fig. 3. Exocytosis after lidocaine treatment is dose de-
pendent. A) Mean number of events per cell; B) number of 
molecules released per vesicle expressed as mean of the 
median for each cell, in each case after treatment with 
different concentrations of lidocaine. The numbers of cells 
for control, 0.01mM, 0.05 mM, 0.1 mM, 5 mM, 10 mM, 
20 mM are 41, 22, 24, 20, 43, 17, 15, respectively. The 
error bar is SEM. 
 



 

Table 1. Peak analysis parameters obtained from K+-stimulated PC12 cells (control: 41 cells; lidocaine- 
treated cells 0.1 mM: 20 cells; 5 mM: 43 cells )[a] 
 

Treatment       T1/2/ms Imax/pA N/103 
molecules Trise/ms Tfall/ms 

Control       2.4±0.15 7.9 ± 0.5  
92 ± 7 0.6 ± 0.003 2.0 ± 0.14 

0.1mM 
Liodocaine      3.0±0.16 7.6 ± 0.5      110 ± 11 0.7 ± 0.003 2.8 ± 0.19 
Variations       +25%* - 0.4%       +20%* +17%* +40%** 

5mM  
Lidocaine      2.9±0.2 6.2 ± 0.3        76 ± 5 0.8 ± 0.005 2.2 ± 0.15 

Variations      +21%* -16%*       -17%* +33%** +10% 
[a] The data are given as the mean of the median ± SEM. Each pair of data is compared with a  
two-tailed Wilcoxon–Mann–Whitney rank-sum test. **: p<0.01; *: p<0.1. 
 

Vesicle content following lidocaine: IVIEC. IVIEC has 
been developed in our laboratory to quantify the monoamine 
content in single mammalian vesicles14. To ensure the results 
observed after the lidocaine treatment are not due to an in-
crease or decrease in vesicular content, this method was used 
to detect vesicular content for cells with and without lidocaine 
treatment. We found that vesicular content did not change 
significantly upon lidocaine treatment (Table 2). Lidaocaine 
appears to influence exocytosis by altering fusion pore dynam-
ics or other factors rather than the vesicle properties. Addi-
tionally, the lower Imax is evidence of a narrower fusion pore 

for release when the cells exposure to 5 mM lidocaine, which 
results in the amount of released molecules decreasing in 
comparison with control with even longer release duration 
time. Assuming an open and closed or partial release mecha-
nism22, 23, these changes suggest that the cells release a lower 
fraction of their content after treatment with 5 mM lidocaine, 
but higher fraction of their content is released for 0.1 mM li-
docaine treatment. This again might be important in defining 
the dose dependence of lidocaine, although it is not known yet 
what the influence of fraction released from a vesicle is on the 
strength of an exocytosis signal. 
 

 
Table 2. Peak analysis parameters obtained from IVIEC in PC12 cells (control: 24 cells; lidocaine treated cells 0.1 mM: 20 cells; 5 
mM: 27 cells)[a] 

Treatment T1/2/ms Imax/pA N/103 
molecules Trise/ms Tfall/ms 

Control 1.9 ± 0.17 24.6 ± 1.3 223 ± 15 0.5 ± 0.06 1.8 ± 0.23 
0.1mM 
Liodocaine 1.5 ± 0.15 36 ± 8.7 207 ± 17 0.45 ± 0.06 1.4 ± 0.18 

Variations -21% +46%* -7.2% -10% -22.2% 
5mM  
Lidocaine 1.4±0.09 30 ± 1.5 214 ± 16 0.4 ± 0.03 1.3 ± 0.11 

Variations -26%* +22%** -4.5% -20% -28%* 
[a] The data showing here are mean of the median ± SEM. The pairs of data sets compared with a two-tailed Wilcoxon–Mann–
Whitney rank-sum test. **: p<0.01; *: p<0.1. 
 
 

The rate of vesicle closing appears to be affected by li-
docaine. To clearly establish the effects of lidocaine on vesi-
cle closing, the decaying part of the current spike was further 
investigated. Studies from other groups have suggested that 
the decaying part of the exocytotic spike can be fit either with 
a single or a double exponential24. Further opening and closing 
of the pore during exocytosis can be inferred using these two 
exponentials. However, a recent study shows this might also 
result from the differential diffusion of amines from the dense 
core versus the halo (or interstitial spaces in the dense core) in 
the vesicle25. Dynamin and actin participated in modulating 
the dynamics of closing the pore, and are thus involved in 
control of the decaying part of the exocytotic spike16, 17. Ac-
cording to numerical modeling, the diffusion of vesicular con-
tents from the fusion pore might be explained as a single ex-
ponential decay. For a perfect single exponential, the pore 
does not close again. The double exponential decay is con-
sistent with the closing of the fusion pore in the latter stage of 
the release process. Here, only two situations will be consid-
ered: a purely diffusive case (single exponential), where the 

decay is only controlled by the diffusion of the contents 
through the fusion pore, and the other case (double exponen-
tial) where the release is controlled by the pore closing as well.  

When we set the decay of all of the spikes obtained in our 
experiments to fit with a double decay exponential, then T1 
and T2 can be obtained which are the characteristic decay 
times for the dual decay and when these are equal it is a single 
exponential decay. Plotting T2 versus T1, one obtains a nor-
malized distance d for the difference between the second and 
first order decay. This is equal to sinƟ, where Ɵ is the angle 
between the line (0, 0), (T1, T2) and the line (T1=T2), as shown 
in Figure 4A. The value of d is then used to evaluate if the fit 
is better with a single or double exponential. The equation to 
calculate d is as follows:  

d = sinƟ =(T2-T1) / [2(T1
2+T2

2)]½ 
If d is small, then the peak fit is more suited to a single expo-
nential. Figure 4B shows the results for control and treatment. 
The y-axis shows the calculated d values, and the x-axis shows 
the percentage of d values that are below these values. For 
control experiments, nearly 40% of the peaks show d values 
below 0.1. However, for 5 mM lidocaine-treated cells, this 



 

point moves to the right. This indicates that 5 mM lidocaine 
treatment moves the data in the direction of a single exponen-
tial decay (or a larger fraction of catecholamine released). For 
0.1 mM lidocaine treated cells, about 30% of the peaks show d 
values below 0.1, this point moves to the left compared with 
control, increasing the widespread of high d values, favoring a 
double exponential decay and a lower fraction of catechola-
mine released per event. This fact suggests that 0.1 mM lido-
caine treatment increases the prevalence of observing a peak 
generated by a fusion pore closing faster than the diffusion of 
neurotransmitter from the vesicle. Moreover, the opposite 
effects on the T1 and T2 distributions further suggest that 0.1 

mM lidocaine and 5 mM lidocaine affect exocytosis through 
different pathways and thus have a biphasic effect on seizure 
development. 

Possible mechanisms of action for lidocaine on exocyto-
sis. We infer the effect of lidocaine on exocytosis is probably 
via both the protein machinery and changes in the lipid mem-
brane. During Ca2+-regulated exocytosis, numerous proteins 
have been implicated in this process26, 27. Much emphasis has 
been focused on the importance of the SNARE proteins. Syn-
taxin1, SNAP-25, and VAMP are the major parts of the core 
machinery for secretory vesicle docking and fusion28. Previous 
work with PC12 cells has shown that current spikes evoked by 
Ca2+ were markedly reduced in numbers in both BoNT/C1 
(light chain of botulinum neurotoxin C1cleaves syntaxin 1) 
and BoNT/E (neurotoxin E cleaves SNAP-25) transfected 
cells versus control cells29. In our work, lidocaine also exhibit-
ed a dose-dependent inhibition of the occurrence of the events 
release in higher concentrations. As far as we know, there is 
no direct evidence proves that lidocaine can affect SNARE 
proteins. However, local anesthetics can inhibit the activity of 
various ATPases in cell membranes30 and the observation that 
the V0 domain interacts with SNAREs supports a role for V-
ATPase in exocytosis31. Furthermore, lidocaine can also react 
with many types of proteins in the cell membrane and cyto-
plasm. It has been shown to inhibit protein kinase C from rat 
brain and block platelet gelsolin activation32, which is a 90-
KDa actin filament-capping protein regulating formation of 
actin filaments33. Inhibition of actin polymerization with 
latrunculin A leads to peaks with longer temporal duration and 
a greater number of molecules released, which is quite similar 
to the observation upon 0.1 mM lidocaine treatment17. 

Previous work has shown that anesthetic potency and li-
pid solubility are correlated. Local anesthetics can affect bio-
logical membranes in many ways. Use of tetracaine to disrupt 
liposomes leads to the formation of mixed micelles of tetra-
caine and phosphatidylcholine (PC) bilayers in vitro34, 35. 
Tetracaine is another local anesthetics, which has many simi-

larities with lidocaine, e.g. they all have an aromatic ring, in-
termediate chain, and amine group. Membrane composition is 
an clearly an important part of the regulation of exocytosis. 
Previous work in our lab shows that added PC decreases quan-
tal size and slows the dynamics of exocytosis and this result is 
exactly the same with 5 mM lidocaine treated exocytosis36. So, 
we infer the high dose of 5 mM lidocaine might influence 
exocytosis via a change in the membrane lipids.  

Comparing these results with the data we obtained previ-
ously leads us to speculate that the observed effects of lido-
caine might be attributed to the influence of lidocaine on vesi-
cle-related proteins at low does and on lipid structure at high 
dose, Figure 5 summarizes the possible mechanisms for the 
effects of lidocaine on exocytosis. At low lidocaine concentra-
tion (left), lidocaine might inhibit actin polymerization result-
ing in longer release duration with more molecules released in 
an exocytosis event. At high concentration (right), lidocaine 
might cause changes in lipid membrane composition or struc-
ture and inhibit ATPase activity, resulting in a more narrow 
fusion pore with less molecules released and also fewer 
events. 

Fig. 5. Proposed scheme for the effect of lidocaine (concentra-
tion of drug indicated above the arrows) to exocytosis.  
 

Conclusions. In summary, single cell amperometry and 
IVIEC have been used to study the effect of lidocaine on exo-
cytosis in PC12 cells and investigate the effects of lidocaine 
on the catecholamine content of vesicles in PC12 cells, respec-
tively. Although lidocaine does not affect the catecholamine 
storage, we show that lidocaine has an effect on the release 
duration and makes it longer apparently by keeping the fusion 
pore more stable and changing the fraction of transmitter re-
leased. However, lidocaine regulates exocytotic release differ-
entially at low and high concentrations, suggesting two differ-
ent mechanisms of action. We speculate that lidocaine might 
interact with two proteins, ATPase and actin, shown to be 
associated with the regulation of partial exocytosis, and 
change membrane lipid composition, which can affect the 
dynamics of exocytosis. This work offers a possible explana-
tion of the mechanism of lidocaine at the level of a single cell 
and provides the means for further understanding and evaluat-
ing local anesthetics. 
 
METHODS 
Chemicals and Solutions. All chemicals were of analytical 
grade, and were obtained from Sigma-Aldrich (unless stated 
otherwise) and used as received. The HEPES physiological 
saline contained 150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 5 
mM glucose, 10 mM HEPES, and 2 mM CaCl2. The K+ stim-
ulation solution consisted of 55 mM NaCl, 100 mM KCl, 1.2 
mM MgCl2, 5 mM glucose, 10 mM HEPES, and 2 mM 

Fig. 4. (A) Scheme showing calculation of the normalized 
distance d. (B) Cumulative plots of the normalized dis-
tance d, for the control, 0.1 mM and 5 mM lidocaine 
treatments. 



 

CaCl2. All solutions were made using 18 MΩ cm water from a 
Millipore purification system, and the solution pH was adjust-
ed to 7.4 with concentrated (3 M) NaOH. 
Fabrication of the Disk Microelectrodes. The disk microe-
lectrode was fabricated as previously described,37 from 5 μm 
diameter carbon fibers in borosilicate capillaries (1.2 mm 
O.D., 0.69 mm I.D., Sutter Instrument Co., Novato, CA, 
U.S.A.). A micropipette puller (model PE-21, Narishige, Inc., 
Japan) was used to pull the capillaries. Epoxy (Epoxy Tech-
nology, Billerica, MA, U.S.A) was used to seal the electrodes 
and these were beveled at a 45° angle (EG-400, Narishige Inc., 
London, UK). Electrodes were tested with cyclic voltammetry 
(-0.2 to 0.8 V vs. Ag/AgCl, 100 mV/s) in a 100 μM solution of 
dopamine in PBS (pH 7.4).  
Fabrication of Nano-Tip Conical Carbon Fiber 
Microelectrodes. To fabricate nano-tip conical carbon fiber 
microelectrodes, a 5 µm carbon fiber was first aspirated into a 
borosilicate glass capillary which was then pulled into two 
separate electrodes.14 The extending fiber was then cut to 100-
150 µm with a scalpel under a microscope. Flame etching of 
the carbon fiber was done by holding the electrodes at the 
edge of the blue part of a butane flame (Multiflame AB, 
Hässleholm, Sweden) for about 3 s. When the end of the tip 
became red, the electrode was immediately pulled out from the 
flame and checked under the microscope. Electrodes had 
needle-sharp fiber tips (about 100-200 nm in diameter, 30-100 
µm in length) and were sealed with epoxy by touching it to the 
edge of the fiber at the glass. Electrode were again tested by 
performing cyclic voltammetry in a solution of 0.10 mM 
dopamine in PBS (pH 7.4).  
Cell Culture. This has been described previously.14,37 PC12 
were from the American Type Culture Collection (Manassas, 
VA), maintained in phenol RPMI-1640 media (PAA Laborato-
ries, Inc. Australia), supplemented with 10% donor equine 
serum (PAA Laboratories) and 5% fetal bovine serum Gold 
(PAA Laboratories) in a 7% CO2, 100% humidity atmosphere 
at 37 °C. Cells were grown on mouse collagen-coated cell 
culture flasks (collagen type IV, BD Biosciences, Bedford, 
MA) and were sub-cultured every 7−9 days. Media was re-
placed every 2 days throughout the lifetime of all cultures. For 
single cell exocytotic experiments, PC12 cells were sub-
cultured sparsely on mouse collagen coated culture dishes 
(type IV, BD Biosciences, Bedford, MA) 3−5 days before the 
experiment and cell media was replaced every other day. 
For lidocaine treatment experiments, the cells were treated 
with lidocaine by rinsing the dishes three times with isotonic 
solution and then incubating the cells with isotonic solution 
containing different concentrations of lidocaine for 10 min in a 
humidified incubator. 
 Single Cell Experiments. Electrochemical recordings of exo-
cytotic events from single PC12 cells were performed as pre-
viously described on an inverted microscope (IX81, Olym-
pus), in a Faraday cage.14-18 The carbon fiber working elec-
trode was held at +700 mV versus an Ag/AgCl reference elec-
trode using an Axon 200B potentiostat (Molecular Devices, 
Sunnyvale, CA). The output was filtered at 2.1 kHz using a 
Bessel filter and digitized at 5 kHz. Cells were rinsed three 
times with isotonic solution at 37°C before experiments and 
were maintained under these conditions throughout the exper-
iment. The glass micropipette containing K+ stimulating solu-
tion was placed 60 μm from the cell. Each cell was then stimu-
lated once with a single 5 s K+ injection (20 psi) through the 
micropipette coupled to a microinjection system (Picospritzer 

II, General Valve Corporation, Fairfield, NJ). The electrode 
potential was 700 mV versus a Ag/AgCl reference electrode. 
Cells were exposed to lidocaine by rinsing the dishes 3 times 
with HEPES saline and incubating the cells for 10 min, in the 
humid incubator, with a solution of lidocaine in HEPES buff-
er. 
Data Processing and Statistics. All the data processing rou-
tines were performed with IgorPro 6.21. The amperometric 
traces were processed using an IgorPro 6.21 routine originat-
ing from David Sulzer’s group. The filters for the current and 
differentiated current traces were 2 and 1 kHz, respectively. 
Data processing was similar to that in previous single cell ex-
periments in our laboratory.11 We used a threshold for peak 
detection on the differentiated trace that was three times the 
standard deviation of the noise. All traces were carefully in-
spected after peak detection and false positive were manually 
rejected. All peaks larger than 2 pA (about four times the noise 
of the smoothed signal, between 0.5 and 0.7 pA in our experi-
ments, based on 2–4 s baseline acquisitions at the beginning of 
the trace) were collected.  
For comparison, instead of the median of all the spikes from 
several cells, the mean of the median of all the parameters 
calculated from single cells was used. In this way, we can 
minimize the impact of the cell-to-cell variations, as the value 
is less sensitive to extremes. Pairs of data sets were compared 
with two-tailed Mann-Whitney rank-sum test;***:p<0.001, 
**: p<0.01, *: p<0.1.  
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