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Abstract

The primary method for neuronal communication
involves the release of chemical messengers that are
packaged intracellularly in vesicles. Although experi-
ments measuring release at single cells have classically
been thought to assess the entire content of vesicles, there
is evidence in the literature that suggests that the total
transmitter stored in vesicles is not expelled during
exocytosis. In this work, we introduce a novel technology
using a microfluidic-based platform to electrochemically
probe individual PC12 cell vesicles isolated from the cell
environment. We measure the total vesicular content
using methodology that circumvents the biophysical
processes of the cell associated with exocytosis. Direct
comparisons of amperometric data from release experi-
ments at single PC12 cells versus our cell-free model
reveal that on average vesicles release only 40% of their
total transmitter load. The data support the intriguing
hypothesis that the average vesicle does not open all the
way during the normal exocytosis process, resulting in
incomplete distention of the vesicular contents. In addi-
tion, we have shown that vesicular catecholamine levels
can be altered with pharmacological manipulation and
variances observed from these treatments can be resolved
at the single vesicle level in a high-throughput manner, a
process that we have termed electrochemical cytometry.
Upon establishing that release in exocytotic processes
proceeds in an incomplete manner, we related electro-
chemical data quantified from both single cell release
experiments and electrochemical cytometry of vesicles to
vesicular volume from electron microscopy measure-
ments to investigate the location of intravesicular cate-
cholamine stores retained postfusion.
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N
eurons communicate through the release of
chemical messengers (e.g., neurotransmitters,
neurohormones, and neuropeptides), which

are packaged intracellularly in submicrometer sized
structures called secretory vesicles (1-3). During exo-
cytosis, the fundamentalmethod forneurotransmission,
vesicles migrate to the plasma membrane of a cell, fuse,
and release their contents into the extracellular space.
These messengers can then bind to receptors on a target
cell, thus inducing a cascade of signaling events in a
complex network (3, 4). Researchers have focused on
unraveling the elements that govern the exocytotic
pathway, and direct measurements of chemical messen-
gers released during exocytosis have allowed vesicle
fusion dynamics and presynaptic regulatory processes
of neurotransmission to be examined (5-10). Specific
efforts have revolved around answering questions such
as how is vesicle fusion regulated and how are chemical
messengers extruded from vesicles into the extracellular
space?

Monoamines (e.g., dopamine, serotonin, histamine,
epinephrine, and norepinephrine) are a redox-active
family of chemical messengers that have been examined
in both the CNS (9-11) and periphery (12-20) of
various animal model systems. The release of mono-
amines at the single vesicle level can be probed on a
millisecond time scale using electrochemical methods,
making these molecules an attractive target for quanti-
tative mechanistic investigations of exocytosis. Constant
potential amperometry performed at carbon-fiber
microelectrodes has been used to monitor vesicular
monoamine release from single cells (Figure 1A). In this
measurement, Faraday’s law (Q = nNF) is used to
quantify the mole amount of released monoamine, N,
from the time integral of current transients (Q) on the
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amperometric trace, where n is the number of electrons
exchanged in the oxidation reaction (2e- formostmono-
amines) and F is Faraday’s constant (96 485 C/mol).
Long-standing assumptions made in amperometric
analyses of exocytosis at single cells are that (i) each
current transient is attributed to a discrete vesicle fusion
event and (ii) each vesicle releases its entire contents
during fusion.

The transmission of chemical messengers by exocyto-
sis has classically been thought to be an all-or-none
process that is quantal in nature (21-24). However, the
data in several reports suggest that full fusion does not
result in complete expulsion of the transmitter in a

vesicle, a concept that has not been widely accepted.
To experimentally address this hypothesis, we used
electrochemistry to investigate vesicle content from the
neuroendocrine secretory cell model rat adrenal pheo-
chromocytoma cells (PC12 cells). This immortalized
mammalian cell line has been well characterized by us
and others for quantification of neurosecretion (25).
PC12 cells contain large dense core vesicles that release
catecholamines (dopamine andperhapsnorepinephrine),
a specific group of monoamine messengers implicated in
physiological phenomena including neurological disease,
learning and memory, and addiction.

In this study, we provide direct measurements of
vesicular catecholamine content using electrochemical
cytometry. This novel experimental approach is based
on technology that we have developed to electrochemi-
cally interrogate individual vesicles using amicrofluidic-
based platform (26). In a previous report, we have
demonstrated the chemical selectivity of this detection
scheme using artificial vesicles both containing and
lacking an electroactive analyte (26). Here, the total
catecholamine content of vesicles extracted from secre-
tory cells is directly compared with the more conven-
tional amperometric release experiments performed on
intact single cells from matched populations. We show
that the entire catecholamine content of the vesicle is not
released during fusion. This cell-free model simplifies
the complexity of vesicular transmitter quantification
measured from standard methods at single cells by
eliminating elements of exocytosis governed by the cell
machinery and membrane dynamics in the fusion pro-
cesses (27).

Results and Discussion

Schematic illustrations showing the experimental
approaches used here for single cell amperometry and
the electrochemical cytometry of vesicles are presented
in Figure 1A,B, respectively. The electrochemical cyto-
metry platform is based on methodology used to sepa-
rate subcellular components by capillary electrophoresis
(28, 29). First, vesicles from PC12 cells are isolated off-
line using differential centrifugation (details provided in
Methods). They are then injected onto a fused-silica
capillary and separated by an applied electric field. The
capillary terminates into a PDMS-based microfluidic
device where individual vesicles undergo chemical lysis
at the outlet. The vesicle contents are then quantitatively
(>95% coulometric efficiency) detected using end-
column amperometry at carbon-fiber microelectrodes.

VesicularRelease viaExocytosis IsNotAll-or-None
Measurements resulting from the amperometric elec-

trooxidation of catecholamine in vesicles extracted from
the cell were compared with measurements from single

Figure 1. Experimental approaches to measure vesicular transmit-
ter content (not drawn to scale): (A) Stimulated exocytosis at single
cells measured using amperometric detection at a carbon-fiber disk
microelectrode. The carbon-fiber diskmicroelectrode is placed onto
the cell and held at a potential above the formal oxidation potential
of the monoamine investigated (typically ∼0.7 V versus Ag/AgCl;
reference electrode placed in outer buffer reservoir). A chemical
secretatogue (e.g., elevated Kþ solution) is puffed onto a single
adherent cell using a micropipet to induce exocytosis. As vesicles
undergo exocytosis, they fuse to the plasma membrane and release
their contents into the extracellular spacewhere they can be detected
at the microelectrode sensor. (B) Isolated vesicle investigation on
the microfluidic-based platform. Vesicles are isolated from cells
off-line using differential centrifugation. A suspension of vesicles is
then electrokinetically injected onto a fused-silica capillary that
terminates onto a PDMS-based microfluidic platform. As indivi-
dual vesicles exit the separation capillary, they are flushed with lysis
solution from neighboring channels in a sheath-flow format. Their
membranes are instantaneously lysed when they interact with this
solution and their contents subsequently detected using end-column
amperometry at a cylindrical carbon-fiber microelectrode.
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cell release experiments inwhich exocytosis was induced
by chemical secretagogues (Figure 2). Representative
data for these measurements are shown in Figure 2A,B,
where each current transient corresponds to the mea-
surement of a single vesicle. Interestingly, as indicated
by the amperometric traces for each of the twomeasure-
ments, many more current transients are detected from
the suspension of isolated vesicles (∼5000 events per
∼1 nL injection) compared with that from stimulated
exocytosis at single cells (∼100 events withmultiple cells
and stimulations), making this measurement a high-
throughput survey of vesicles within the cell.

On the basis of Faraday’s law, the mole amount of
catecholamine from individual current transients was

quantified, binned, and plotted as a normalized fre-
quency histogram of vesicle content (Figure 3). When
the total vesicular catecholamine content (as measured
in the cell-free model) is compared with the amount
released (as measured from single cell amperometry
experiments), the data reveal that, on average, approxi-
mately 40% of the catecholamine in a vesicle is released
during exocytosis. Indeed, significantly less catechola-
mine was measured by stimulated exocytosis at single
cells, 141 ( 3 zmol, versus 387 ( 2 zmol for isolated
vesiclesmeasured on themicrofluidic platform (Mann-
Whitney U-test, p<0.0001; error is SEM). AGaussian
fit of the data reveals a shift in the distribution for the
amount released from cells using stimulated exocytosis
(red) compared with that from isolated vesicles investi-
gated on the microfluidic platform (black). Interest-
ingly, if the data from the isolated vesicle experiments
is fit to two Gaussian distributions (Figure 3, inset), the
correlation coefficient of the fit increases from 0.90 to
0.99, suggesting two populations of vesicles. The mean
of each distribution is greater than that measured from
exocytosis at single cells (4.97 zmol1/3 for single cell
experiments versus 5.5 and 7.7 zmol1/3 for isolated
vesicles). This result challenges classical assumptions
of quantal release for the stimulated exocytosis of single
cells (vide supra).

This hypothesis that exocytosis does not result in
complete expulsion of the transmitter in a vesicle is

Figure 2. Amperometric quantification of catecholamine amounts
in PC12 cells. (A)Representative amperometric trace resulting from
exocytotic release at intact cells. Red arrows indicate elevated Kþ

application used to induce exocytosis. (B) Representative electro-
pherogram for the end-column lysis and amperometric detection of
individual vesicles. Vesicles were isolated off-line by differential
centrifugation from a matched population of PC12 cells investi-
gated in panel A. Vesicles in panel B were injected at 111 V/cm for
5 s and separated in an applied field of 333 V/cm. Individual events
are shown in the expanded axes in panels A and B in order to
illustrate typical peak characteristics observed for the analyses. The
amperometric signals from single cell experiments were filtered at
2 kHz bandpass and at 15 Hz bandpass for the electrochemical
cytometry experiments, providing different baselines for these
different experimental approaches.

Figure 3. Normalized frequency histogram of the vesicular cate-
cholamine amounts quantified from intact cells that underwent
stimulated exocytosis (red) versus isolated vesicles (black) investi-
gated on the microfluidic platform. Exocytosis at single cells was
induced by application of elevated Kþ solution. Data plotted as the
cube root transform. Bin size=0.2 zmol1/3. Fits were obtained from
a Gaussian distribution of the data. Average amount of catecho-
lamine measured from stimulated exocytosis of intact cells was
141( 2.67 zmol (n= 946 events), whereas that for isolated vesicles
was 387( 1.87 zmol (n=29 643 events). In the inset, two Gaussian
distributions are fit to the data for isolated vesicles investigated with
electrochemical cytometry. The mean of each distribution is greater
than the Gaussian fit of the data from exocytosis experiments at
single cells (4.97 zmol1/3 for single cell experiments versus 5.5 and
7.7 zmol1/3 for isolated vesicles). Correlation coefficient for fitting
two distributions of these data is equal to 0.99 compared with 0.90
for fitting one distribution. Error is SEM.
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supported in the literature. Vesicular content measure-
ments have been shown to vary with experimental
changes in stimulation (16, 30), the osmotic pressure
differential between the vesicular and plasmamembranes
(31, 32), vesicular pH manipulation (33), temperature
gradients (34), and manipulation of second-messenger
systems (35). It is possible that during exocytosis of large
dense core vesicles, the event does not result in full
distention of the fused vesicle and thus rapid closure
takes place prior to full release. This is consistent with
studies where evidence suggests that in PC12 cells 97%of
exocytosis events are followed by rapid endocytosis (36).
In addition, if one compares thedata frompatchampero-
metry to that from direct amperometry quantification of
the former reveals 3-5 times the release of the latter (37).
This is generally not addressed in the literature, but it is
likely that the pressure applied during patch amperometry

results in more complete distention, consistent with our
data.

Vesicular Content Is Altered with Pharmacology
at the Single Vesicle Level

The amount of catecholamine releasedwasmeasured
as a function of vesicle volume controlled by pharma-
cological manipulation. PC12 cells were treated with
either L-DOPA (a synthetic precursor to dopamine) or
reserpine (a potent inhibitor of the vesicularmonoamine
transporter (VMAT)), which are known to increase and
decrease vesicular catecholamine levels, respectively
(12, 13). Measurements of the amount released were
made at single cells and compared with isolated vesicles
as described above. Representative individual current
transients observed from both treated and untreated
cells are shown in Figure 4A for each measurement.
When cells are treated with reserpine the charge, Q, is

Figure 4. Pharmacological treatment alters vesicular quantal size from both intact cells and individual vesicles isolated from cells. (A) Typical
peak characteristics representing pharmacological manipulation of vesicular quantal size from both stimulated exocytosis at single PC12 cells
and isolated vesicles. Data were collected frommatched cell preparations. Cells were incubated with either 100 nM reserpine (a potent VMAT
inhibitor) or 100 μML-DOPA (aprecursor in dopamine synthesis) for 90min prior to stimulated exocytosis investigations and vesicle isolation.
(B) Representative normalized frequency histograms describing the distributions of vesicular catecholamine amounts quantified from
reserpine-treated (red), untreated (blue), and L-DOPA-treated (black) intact cells that underwent stimulated exocytosis. (C) Representative
normalized frequency histograms of vesicular catecholamine amounts quantified from isolated vesicles from reserpine-treated (red), untreated
(blue), andL-DOPA-treated (black)matched cell populations in panel B.Data plotted as cubed root amounts. Bin size=0.2 zmol1/3. Fits were
obtained from a Gaussian distribution of the data. (D) Cumulative analysis for the average number of molecules of catecholamine quantified
per vesicle from stimulated exocytosis of intact cells (striped) versus individual isolated vesicles (white) under pharmacological manipulation.
The number of events measured for stimulated exocytosis at single cells was 312, 946, and 1376 for reserpine-treated, untreated, and L-DOPA-
treated cells, respectively. The number of events measured for the electrochemical cytometry of vesicles was 13 363, 29 643, and 22 270 for
reserpine-treated, untreated, and L-DOPA-treated cells, respectively. Error in panel D is SEM.



r 2010 American Chemical Society 238 DOI: 10.1021/cn900040e |ACS Chem. Neurosci. (2010), 1, 234–245

pubs.acs.org/acschemicalneuroscience Article

markedly smaller than that for untreated cells; conver-
sely, the charge increases with L-DOPA treatment. In
addition, the charge observed from experiments per-
formed on isolated vesicles is greater than that from
stimulated release experiments within each of the treat-
ments.

Vesicular catecholamine amounts were measured
and plotted as normalized frequency histograms for
the amount released by amperometry from intact cells
(Figure 4B). This is compared with electrochemical
cytometry measurements of the amount in vesicles
isolated from the cell environment (Figure 4C). Results
from the reserpine-treated cells (red), untreated cells
(blue), and L-DOPA-treated cells (black) are shown
for eachmeasurement.A cumulative analysis of average
vesicular catecholamine content for matched cell popu-
lations is presented in Figure 4D. The amount of
catecholamine detected following L-DOPA treatment
significantly increased versus control (one-way ANO-
VA, p<0.001) whether release was observed by
amperometry or the total vesicle amount was observed
by electrochemical cytometry. Accordingly, the reser-
pine treatment significantly decreased the amount of
catecholamine detected versus control for both release
and vesicle content measurements (one-way ANOVA,
p<0.001 for the amount released from intact cells and
p<0.05 for the amount in vesicles isolated from the cell
environment). In addition, the total vesicle content is
significantly different than the amount detected in
release experiments (one-way ANOVA, p<0.001) for
control, L-DOPA, and reserpine treatment. Vesicular
catecholamine amounts can be directly linked to the
number of molecules detected using Avogadro’s num-
ber. For stimulated exocytosis at single cells, the release
of 72 000 ( 3100 molecules was detected for reserpine-
treated cells, 85 000 ( 1600 molecules for untreated
cells, and 117 000 ( 2700 molecules for L-DOPA-
treated cells (n = 312, 946, and 1376 events; error is
SEM). Vesicular amounts measured by electrochemical
cytometry were 167 000 ( 1100 molecules following
reserpine treatment, 220 000 ( 1100 molecules for un-
treated cells, and 320 000 ( 1600 molecules following
L-DOPA treatment (n = 13363, 29 643, and 22 270
events; error is SEM).

The average amount of catecholamine released fol-
lowing stimulated exocytosis at intact cells is signifi-
cantly less than the total vesicular catecholamine
amount. The fraction of average catecholamine amount
released was 43% ( 2%, 39% ( 1%, and 37% ( 1%
(error is SEM) for the reserpine-treated, untreated, and
L-DOPA-treated cells, respectively, further indicating
that the entire contents are not expelled from vesicles
during the exocytosis processes. Moreover, the drug
treatments yield similar results for both changes in
release and total vesicle content. The average vesicular

release of catecholamine relative to control cells was
reduced by 15% ( 4% with reserpine treatment and
was increased by 27% ( 4% for L-DOPA treatment.
This trend was maintained in the analysis of isolated
vesicles by electrochemical cytometry; a 24% ( 1%
decrease in average vesicular catecholamine content
for reserpine treatment and a 31% ( 1% increase with
L-DOPA treatmentwas observed comparedwith control
(error is SEM). Interestingly, thedrug treatments demon-
strated the utility of this novel cell-free method to serve
as a simple and quantitative tool for performing high-
throughput analyses to screen for direct physiological
effects of pharmacological manipulation at the single
vesicle level.

SizeMeasurements ofVesiclesValidate theElectro-
chemical Cytometry Results

Our results comparing vesicular catecholamine con-
tent by electrochemical cytometry to electrochemical
measurements of release consistently show that the
amount released upon stimulated exocytosis at single
cells is approximately 40% of that measured from
isolated vesicles. To assign this fraction to the hypo-
thesis that the vesicle does not release its entire contents
during exocytosis, we must confirm several experimen-
tal parameters. These include (i) that the methods are
capable of quantifying similar-sized vesicles, (ii) that the
isolation procedures yield individual secretory vesicles
for analysis, and (iii) that the isolated vesicles are repre-
sentative of the vesicles sampled in single cell release
experiments. Themethods used are capable of quantify-
ing similar-sized vesicles; our limits of detection (LOD)
on the microfluidic-based platform are similar to those
from release events in single cell experiments (LOD ≈
5000 molecules for each method). Indeed, the smallest-
sized vesicles measured at single cells are observed in
isolated vesicle experiments, as indicated by the distri-
butions in Figure 4B,C.

To confirm that the isolation procedures yield in-
dividual secretory vesicles for analysis, independent
measurements of vesicle size from the treated and un-
treated PC12 cells investigated above were made using
dynamic light scattering (DLS). As previously indi-
cated, pharmacology can be used to alter vesicular cate-
cholamine levels in this cell model, and these changes
can be quantified directly from size measurements since
vesicle volume is affected as a result of treatment (13, 14).
DLS is a noninvasive measurement that relates the
diffusion velocity of a suspension of vesicles in the cell-
free model to the average hydrodynamic diameter
using the Stokes-Einstein equation (26). The average
diameters for reserpine-treated, untreated, and L-DOPA-
treated PC12 cell vesicles are listed in Table 1. DLS
measurements were used to provide a qualitative analy-
sis of both treated and untreated vesicle suspensions.
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These measurements indicate that the vesicle isolation
procedures used in the cell-freemodel are valid since the
mean diameter is in agreement with independent mea-
surements of PC12 cell vesicular size obtained in this
study (vide infra) and in previous reports (12, 13). This
was also verified by performing a Western Blot for
synaptophysin, a known integral membrane protein
present on neurosecretory vesicles (Figure S1, Support-
ing Information).

Transmission electron microscopy (TEM) is a well-
established quantitativemethod formeasuring subcellular

domains within the construct of the cell environment
and, therefore, was employed for size analysis of vesi-
cles. Representative electron micrographs for vesicle
analyses in single cells are pictured in Figure 5A and
measurements that quantify these data are listed in
Table 1. To investigate whether vesicles from similar
pools were being sampled in the single cell release and
isolated vesicle experiments, we developed a set of
criteria for two types of vesicles and compared their
sizes as determined by TEM. The first group included
vesicles close to or already primed onto the plasma
membrane (<65 nm, less than the approximate average
radius of the vesicles measured). These vesicles are
considered to be in the readily releasable pool and
presumably the vesicles measured during stimulated
release at single cells. We then defined a second group
(>65nm from themembrane), designated as the reserve
pool. In other secretory cell models, the reserve pool is
thought to contain larger,moremature vesicles (34). It is
important to note that the procedures employed for
vesicle isolation sample from the entire cell, which
should yield components from both the readily releas-
able and reserve pools.

Table 1. Vesicle Size Measurements from Dynamic
Light Scattering (DLS) and Transmission Electron
Microscopy (TEM)

treatment

vesicle
diameter (nm)

by DLSa

vesicle
diameter (nm)

by TEMb

reserpinec 174( 47 141( 2

untreatedd 183( 24 153 ( 2

L-DOPAe 194( 39 186( 4

aError = SD. bError = SEM. cFor TEM data, 206 vesicles. dFor
TEM data, 217 vesicles. eFor TEM data, 122 vesicles.

Figure 5. Electron microscopy investigation of PC12 cell vesicular size and volume. (A) Representative TEM images from treated and
untreated PC12 cells. Scale bar = 400 nm. (B) Plot of average vesicle size versus distance from the plasma membrane determined by TEM for
untreated PC12 cells. Error is SEM. Values marked ns are not statistically different, p > 0.05, Mann-Whitney U-test. (C) Plot describing
average volume of dense core vesicles and their constituents upon reserpine (white) treatment, in untreated (black) cells, and upon L-DOPA
(striped) treatment measured by TEM. Values marked with /// in C are statistically different from untreated cells, with p < 0.0001,
Mann-WhitneyU-test. (D)Correlation between the amount of catecholamine detected in intact vesicles (cytometry; black boxes) and released
from vesicles (amperometry; red circles) versus the volume in the vesicle halo (from TEM measurements). Data points for each of the
measurements going from left to right are reserpine-treated, untreated, and L-DOPA-treated cells. Amperometric measured amounts of
catecholamine are plotted against TEM measurements of halo volume. The slope is the concentration of catecholamine in the halo and the
intercept is the amount of catecholamine in the dense core. Values listed in Table 2. Linear regression results are available in Methods.
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The average diameter of vesicles in the readily relea-
sable pool asmeasured by TEMwas 148( 3 nm (n=68;
error is SEM). Notably, vesicles in the reserve pool,
which are further from theplasmamembrane, possessed
an average diameter of 153 ( 2 nm (n = 147; error is
SEM). This difference is not statistically significant (Mann-
Whitney U-test, p=0.30). The plot in Figure 5B
illustrates this by showing that vesicles in these cells
are the same size whether they are primed for exocytosis
close to the plasma membrane or far from the mem-
brane (measurements recorded for vesicles up to 3 μm
from the membrane). This validates that the isolated
vesicles are representative of the vesicles sampled in
single cell release experiments and that measurements
quantified from isolated vesicles are due to excess
catecholamine retained during exocytotic release at
single cells. In fact, it is likely that even less than 40%
is released due to possible losses during the vesicle
isolation procedure. Indeed, if catecholamine were to
escape the vesicle after cell fractionation, this would
cause an underestimation of the amount in each vesicle.

Quantification of Intravesicular Catecholamine
Stores: Halo vs the Dense Core

Once it was determined that the vesicle does not
release its entire contents during exocytosis, we exam-
ined where the excess catecholamine remains after full
fusion. TEMwas used to map the size characteristics of
catecholamine stores at the subvesicle level. The TEM
images in Figure 5A reveal the prime components of the
large dense core vesicles in this neurosecretory cell
model, namely, a dark granule composed of a semi-
crystalline matrix of acidic proteins and semisoluble
catecholamine (referred to as the dense core) encased
within a membrane containing solubilized catechol-
amine that surrounds the dense core (referred to as the
halo). The volumes of each intravesicular domain were
calculated from TEM size measurements (Figure 5C).
The data reveal that various constituents of the vesicle
are altered upon pharmacological manipulation of the
catecholamine stores as previously reported for this cell
line (12), also demonstrating the existence of the halo as
a genuine vesicular feature. A significant decrease in
vesicle volume is observed when catecholamine levels
are depleted with reserpine treatment, and conversely, a
significant increase is observedwith L-DOPA treatment

(Mann-Whitney U-test, p < 0.001). The increase in
halo volumewith L-DOPA treatment (Mann-Whitney
U-test, p<0.001) resulted in a muchmore pronounced
effect than dense core size, which was not statistically
different from control (Mann-Whitney U-test, p >
0.05). This phenomenon was conserved with reserpine
treatment where a statistically significant amount of
catecholamine was depleted from the halo compared
with control (Mann-Whitney U-test, p< 0.005).

During the exocytotic full fusion processes, it is
thought that crystalline catecholamine present in the
dense core granule interacts with extracellular fluid,
swells, and is solubilized as it is extruded through the
fusion pore concomitantly with the halo contents (17).
Our results show a∼60% decrease in electrochemically
measured catecholamine amounts between release at
single cells and total content from the vesicles in the
cell-free model. To account for this discrepancy, we
hypothesize that catecholamine constituents interca-
lated in both the halo and dense core are retained
postfusion. This was experimentally addressed by cor-
relating the electrochemical measurements from each of
the methods with volume data elucidated from TEM
intravesicular sizemeasurements as a function of pharma-
cological manipulation of catecholamine content. The
result is shown in Figure 5D, where catecholamine
amount data from release at single cells (red) and
isolated vesicles (black) is plotted versus the volume of
the halo, acquired from TEM data of treated and
untreated PC12 cells. Linear regression analyses for
the model systems investigated provide information
about the average amount of catecholamine detected
from the dense core (the intercept) and the concentra-
tion of catecholamine in the halo (the slope). The
differences in the slopes of the linear regression for each
method (Table 2) are not statistically significant
(Student’s t test, p = 0.15). However, the intercept of
these data reveals that single cells expel an average of
50% of catecholamine associated with the dense core
during exocytosis (Student’s t test,p<0.05).Thenotion
of vesicular catecholamine stores being retained postfu-
sion is supported in the literature for partial release via
processes such as “kiss and run” (14, 38) exocytosis and
a “flickering fusion pore” (39). During these mechan-
isms, the vesicle is thought to momentarily fuse with the

Table 2. Determining Intravesicular Catecholamine Stores of PC12 Cell Vesicles Using Amperometric and TEM
Measurementsa

amt detected (zmol) amt in dense core (zmol) [halo] (mM)

stimulated exocytosis at single cells 141( 3 75( 10 39( 7

isolated vesicles 387( 2 153( 70 125( 35

aThe average amounts of catecholamine were measured directly using amperometric detection of stimulated release at single cells and
electrochemical cytometry of isolated vesicles. Error is SEM. Amount in the dense core is the intercept from Fig. 5D (error is SD). The concentration
in the halo is the slope from Fig. 5D (error is SD).
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cell membrane forming a small pore through which
transmitter can escape (39, 40). The pore then closes
prior to full distentionofvesicular contents. In single cell
experiments, the amperometric signals for exocytosis
are generally thought to represent complete vesicle
distension. However, the electrochemical cytometry
data reported here demonstrate incomplete expulsion
of vesicular catecholamine. To explain this and the
retention of the catecholamine in both the dense core
and halo, we propose that the average dense core vesicle
does not fully open during exocytosis, a process in
between kiss and run and full membrane distension.

Conclusions

We have demonstrated that individual vesicles iso-
lated from the cell environment can be separated and
probed toquantify transmitter content, a processwe call
electrochemical cytometry. These amounts can be di-
rectly altered with pharmacological treatment and var-
iances due to the treatments can be resolved at the single
vesicle level in a high-throughput manner. By correlat-
ing data from single cell release experiments with our
cell-free model, we have demonstrated that vesicles
release only 40% of their total catecholamine load
during exocytosis, a premise that contradicts classical
assumptions of complete quantal release. Furthermore,
we have shown that independent measurements of
vesicular and subvesicular size both validate our novel
method for monitoring transmitter content and also
contribute information regarding in which intravesicu-
lar domain excess catecholamine is stored. The implica-
tions of these results to neuroscience are large; namely,
vesicular neurotransmitter and hormone release is not
necessarily all-or-none. Therefore, exocytotic release
might be regulated within a single event, which could
have implications in neural disease states. Moreover,
controlling the fraction of release from vesicles is a
potential pharmaceutical target.

Methods

Reagents
Sodium chloride (NaCl), potassium chloride (KCl), mag-

nesium chloride (MgCl2), glucose, N-2-hydroxyethylpipera-
zine-N0-2-ethanesulfonic acid (HEPES), calcium chloride
(CaCl2), N-tris(hydroxymethyl)methyl-2-aminoethanesulfo-
nic acid (TES), sodium hydroxide (NaOH), sodium dodecyl
sulfate (SDS), reserpine, 3,4-dihydroxy-L-phenyl-alanine
(L-DOPA), hydrofluoric acid (aq 48%), and the Synaptic
Vesicles Isolation Kit were obtained from Sigma Aldrich
(St. Louis,MO). All chemicals were used as received. Isotonic
physiological saline used in single cell amperometry experi-
ments was prepared with 150 mMNaCl, 5 mMKCl, 1.2 mM
MgCl2, 5mMglucose, 10mMHEPES, and 2mMCaCl2. For
individual vesicle measurements on the microfluidic-based
platform, the electrophoretic separation buffer consisted of

50mMTESwith 2%1-propanol. The lysis buffer was 50mM
TES with 5% (w/v) SDS. All buffers were adjusted to pH 7.4
using NaOH and filtered through 0.2 μm pore size filters
(Nalgene, Rochester, NY).

Cell Culture
Rat pheochromocytoma cells (PC12) were purchased from

the American Type Culture Collection (Manassas, VA) and
maintained as previously described (41). For stimulated exo-
cytosis experiments at single cells, PC12 cells were grown on
poly(D-lysine)-coated culture dishes (Becton Dickinson, Bed-
ford,MA) in supplementedRPMI-1640medium.For isolated
vesicle experiments, cells were cultured on 75 cm3 poly-
(D-lysine)-coated flasks. Cells were maintained in a 7% CO2

atmosphere at 37 �C and used when confluency was reached.

Vesicle Isolation
A Synaptic Vesicle IsolationKit (Sigma-Aldrich) was used

to extract vesicles from the cells with a modified procedure
provided by the manufacturer. All buffer constituents and
isolation procedures are listed as proprietary knowledge of
Sigma Aldrich. Modifications were made to the protocol to
ensure a sufficient amount of cells to suit the recommended
procedures, which have been tested on rat and rabbit brain
tissue. To recreate a tissue-like model from this immortalized
cell line, confluent cells from three 75 cm3 flasks were force-
fully released from the poly(D-lysine)-coated surface and the
three suspensions were combined into one fraction. This
fraction was then centrifuged at 1500 � g for 5 min to pellet
the suspension. The supernatant containing growth media
was then removed and discarded. According to the manufac-
turer-recommended protocol, cells were subjected to lysis in
the presence of 10 mL of hypoosmotic buffer. This fraction
was then centrifuged at 20000 � g at 4 �C for 25 min. This
allowed for removal of other organelles present in the cell, as
they pelleted to the bottom of the centrifuge tube during this
treatment. The supernatant, containing vesicles, was then
recovered and subjected to ultracentrifugation at 70 000 � g
at 4 �Cfor 1 h.Vesicleswere recovered as apellet in thebottom
of the centrifuge tube. The supernatant was discarded, and
2mLofvesicle storage bufferwas added to the pellet, resulting
a crude suspensionof vesicles for analysis.AWesternBlotwas
performed to confirm successful vesicle isolation by targeting
synaptophysin, a known integral membrane protein present
on neuroendocrine vesicles (Figure S1, Supporting Infor-
mation).

Electrochemical Recordings for Stimulated Exocytosis
at Single Cells

Carbon-fiber disk microelectrodes (5 μm diameter) were
constructed as described previously (42) and back-filled with
3 M KCl. Electrode tips were polished at a 45� angle on a
diamond dust-embedded micropipet beveling wheel (model
BV-10; Sutter Instrument, Novato, CA). Amperometric
recordingswere collected as described previously (13). Briefly,
electrodes were held at þ0.65 V vs a Ag/AgCl reference
electrode (World Precision Instruments, Inc., Sarasota, FL)
using a commercially available patch-clamp instrument
(Axopatch 200B; MDS Analytical Technologies, Sunnyvale, CA)
configured as described previously (32). The output was
filtered at 2 kHz using a four-pole low-pass Bessel filter and
digitized at 5 kHz.Datawere displayed in real time and stored
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in the computer with no further filtering. Exocytosis was
measured from 40 s intervals of measured current transients
evoked with a 5 s, 20 psi pulse (Picospritzer II; General Valve,
Fairfield, NJ) of physiological saline containing elevated
potassium (100 mM KC1). All experiments were performed
at 37 ( 1 �C. Exocytotic spikes were identified and the areas
(fC) were determined using a multipass algorithm described
previously (21).MiniAnalysis (Synaptosoft Inc., Fort Lee,NJ)
was used for analysis of the resultant peaks to determine area.
Signals were designated as exocytotic events if their amplitude
values were five times the rms noise of the baseline com-
pared with a 1 s portion of stable baseline recorded before the
first stimulation. All peaks identified by the program were
inspected visually, and complex peaks were excluded manu-
ally from the data sets.

Microfluidic Device Fabrication for the Separation,
Lysis, and Electrochemical Detection of Individual
Vesicles

A hybrid capillary-microfluidic device was developed as
previously described to investigate catecholamine amounts
from individual vesicles isolated from the cell environ-
ment (26). Briefly,microfluidic channels were fabricated using
standard photo- and soft-lithography methods. A master
mold was developed by spin-coating 125 μm of SU-8 100
negative photoresist (MicroChem Corp., Newton, MA) on a
3-in. silicon wafer (Silicon Quest International, Inc., Santa
Clara, CA). A photolithographic mask containing imprinted
device features was made from a high-resolution laser photo-
plot (CAD/Art Services, Inc., Bandon, OR). The mask was
placed over the wafer, which was then exposed to ultraviolet
light, and developed according to the resist manufacturer
protocol.

Soft lithography was carried out using a Sylgard 184
silicone elastomer kit (Dow Corning Corp., Midland, MI).
A 10:1 ratio of poly(dimethylsiloxane) (PDMS) prepolymer
base to curing agent was cast onto the master mold and cured
at 70 �C for 2 h. The PDMS layer was then peeled from
the master, revealing an impression of microfluidic channels.
The center channel served to secure the separation capillary in
the finisheddevice.The other two channels, each 200μmwide,
are set at a 30� angle to the center channel and used to direct
lysis buffer to the capillary outlet in a sheath-flow format. The
three channels converge into a 2 mm wide channel where the
electrode is placed for detection of catecholamine quantified
from individual lysed vesicles. A buffer reservoir for capillary
electrophoresis was cut into a 2 mm layer of PDMS and
plasma-bonded to a glass microslide (Corning Inc., Corning,
NY). The layer containing imprinted microfluidic channels
was then plasma-bonded onto the reservoir layer to form a
three-layer device (100 W, 1 min.).

Separation and Detection of Isolated Vesicles
Fused-silica capillaries (45 cm in length, 15 μm i.d./150 μm

o.d., Polymicro Technologies, Phoenix, AZ) were prepared
for electrochemical detection by removing 2 mm of the
polyimide coating with a flame and subsequently etching the
exposed fused silica by purgingHe (250psi) for 15min in aHF
bath. This resulted in an etch with a frustum geometry
measuringapproximately 40μmwideat thebase,which serves
to both ease placement of the electrode at the capillary outlet

and decouple the applied separation voltage from the electro-
chemical cell (43).

Electrokinetic injections of vesicles were performed for 5 s
at 111 V/cm, and separations were carried out at 333 V/cm
using a high-voltage supply (Spellman, Hauppauge, NY).
Capillaries were conditioned before each separation to pre-
vent nonspecific binding of the vesicle membrane to the fused
silica by rinsing at 333 V/cm with 1 M NaOH for 2 min,
Ultratrol Dynamic Pre-Coat-HN (Target Discovery, Palo
Alto, CA) for 5 min, and separation buffer for 10 min. A
syringe pump (KD Scientific, Holliston, MA) was used to
control volumetric flow of lysis buffer via 1 mL plastic
syringes continuously through the microchannels at a rate
of 2 μL/min (0.05 cm/s).

Amperometric electrochemical detection was carried out
with a two-electrode format. A 5 μm-diameter carbon fiber
was sealed in a glass capillary and cut to a length of approxi-
mately 500 μm from the glass seal to fabricate a cylindrical
microelectrode aspreviouslydescribed (44). The electrodewas
held at 0.90 V versus a silver wire quasi-reference electrode
(Ag QRE, 0.25 mm diameter, Alfa Aesar, Ward Hill, MA),
and the carbon-fiber electrode was positioned at the outlet of
the capillary using an x,y,z-micromanipulator (Newport,
Irvine, CA). Previous measurements and modeling indicated
that this system provided a coulometric efficiency of 87% for
catecholamine in vesicles; however, with less filtering, we have
attained greater than 95% coulometric efficiency.

Current was measured using a Keithly model 427 (15 Hz
bandpass) current amplifier (Cleveland, OH) and digitized at
500 Hz with a National Instruments PCI-6221 DAQ card
using LabView 8.0 software (National Instruments, Austin,
TX) written in-house. OriginLab 8.0 (Northampton, MA)
was used to generate electropherograms and Mini Analysis
(Synaptosoft Inc., Fort Lee, NJ) was used for analysis of the
resultant peaks to determine area (fC). Events were quantified
if the signal was greater than five times the rms baseline noise.

Western Blot of Isolated Vesicles
Vesicles isolated from the cell environmentwere investigated

for the presence of synaptophysin, a known integralmembrane
protein present in synaptic and neuroendocrine vesicles. A
50 μL suspension of vesicles was combined with 50 μL of lysis
solution containing 5% (w/v) SDS in 50 mM TES buffer. The
mixture was vortexed vigorously for 1 min. Aliquots of this
solution containing ∼20 μg of protein were loaded into four
lanes of a 12% SDS-PAGE gel. Separations were carried by
applying 200 V for 2 h to the gel. A SeeBlue Plus2 prestained
standard protein kit (Invitrogen, Carlsbad, CA) was used to
visualize the separation. Following this, the gel was transferred
onto nitrocellulose paper, followed by blocking and incubation
with the primary antibody, monoclonal anti-synaptophysin
(2 h incubation at room temperature; 1:1000 dilution of anti-
body).Monoclonal anti-synaptophysin antibodywas provided
in the Synaptic Vesicle Isolation Kit (Sigma Aldrich)). The
secondary antibody, HRP-conjugated antimouse IgG, was
used for chemiluminescent detection of the targeted protein
(ProteoQwest Chemiluminescent Western Blotting Kit, Sigma
Aldrich). Results revealed a prominent band at 38 kDa, con-
firming the presence of synaptophysin in the vesicle lysate
(Supporting Information).
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Dynamic Light Scattering of Isolated Vesicles
A Zetasizer Nano S (Malvern Instruments, Worcestershire,

UK) was used to acquire light scattering data. Measurements
were collected using a 4 mW HeNe laser operated at 633 nm.
Vesicle suspensions were diluted 10-fold in buffer. Data were
collected in sizemode at 25 �Cand fit using instrument software.

Transmission Electron Microscopy of Single Cells
PC12 cells were rinsed with RPMI-1640 medium without

serum and detached from the flasks. Single cell suspensions
were transferred to Microfuge tubes and pelleted at 100 � g
for 10 min. Cell pellets were fixed with an ice-cold fixative
containing 2% glutaraldehyde in 0.1M phosphate buffer, pH
7.4, at room temperature for 1 h and then incubated overnight
at 4 �C. The cells were postfixed in 1% OsO4 for 1 h and
dehydrated by serial treatment in solutions of graded ethanol
and embedded in Eponite 12. The areas of interest were
selected under a dissecting microscope, and 80-nm-thick
sections were produced in an ultramicrotome (Reichart
Microscopy, Depew, NY). Sections were contrast-enhanced
with uranyl acetate and lead citrate and examined with a
JEOL JEM 1200 EXII transmission electron microscope
(JEOL, Peabody, MA) at 80 kV. Quantitative analysis of
vesicle structures was performed using Image J 1.37v (Wayne
Rasband, NIH, Bethesda, MD). Transmission electron
microscopy images were imported into this software, and
the limiting membrane of each vesicle as well as the perimeter
of its dense core were traced. Once each object was inscribed,
Image J determined its diameter (the average distance of the
major and minor axis on the initial trace). Only vesicles in
which a dense core could be clearly identified were measured.
Vesicle diameter anddense core diameter aremeasured and con-
verted to volume from the equation of a sphere (V= 4/3πr

3).
Halo volume is the difference between the volumes cal-
culated from the vesicle and dense core.Measured values were
adjusted to account for thickness of the sample tissue slice
(80 nm) as previously reported (45). For the correlation
between the amount of catecholamine detected (fromampero-
metry measurements) and the volume in the halo (from TEM
measurements) for measured release at single cells and iso-
lated vesicles in Figure 4D, linear regression of release experi-
ments on single cells yielded the equation y=38.97xþ 74.76
(R2 = 0.985) and that for isolated vesicle experiments yielded
y= 124.7x þ 153.2 (R2 = 0.925).

Supporting Information Available

Western Blot for synaptophysin, which was used to confirm
the vesicle isolation procedures. This material is available
free of charge via the Internet at http://pubs.acs.org.
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