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ABSTRACT: A method for the selective labeling and imaging of catecholamines in live and fixed secretory cells is reported. The
method integrates a tailored approach using a novel fluorescence-based turn-on molecular sensor (NeuroSensor 521) that can
exploit the high concentration of neurotransmitters and acidic environment within secretory vesicles for the selective recognition
of norepinephrine and dopamine. The utility of the method was demonstrated by selectively labeling and imaging
norepinephrine in secretory vesicles such that discrimination between norepinephrine- and epinephrine-enriched populations of
chromaffin cells was observed. This method was validated in fixed cells by co-staining with an anti-PNMT antibody.
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T he catecholamines dopamine, norepinephrine, and epi-
nephrine are the principal neurotransmitters in the

sympathetic nervous system.1 In particular, norepinephrine
regulates many critical functions that include attention, memory,
learning, emotion, and autonomic and cardiovascular function.
In the periphery, norepinephrine increases heart rate, cardiac
contractility, vascular tone, renin-angiotensin system activity, and
renal sodium reabsorption.2 Norepinephrine is secreted by
chromaffin cells, which package catecholamines at high
concentrations (0.5−1.0 M) and at low pH (5.0−5.5) in
neurosecretory vesicles.3Chromaffin cells possess approximately
30 000 large dense-core vesicles (LDCV) with norepinephrine
and epinephrine.4 Chromaffin cells that store and release mainly
epinephrine can be separated from those that utilize mainly
norepinephrine through density-gradient centrifugation, though
a third subpopulation which secrete both epinephrine and
norepinephrine has been identified via cyclic voltametry.5 Over
the years, chromaffin cells have become a standard platform for
the study of processes related to exocytosis. Thus, chromaffin
cells appeared to be an ideal platform for the study of novel
sensors for neurotransmitters.
Currently, catecholamines can be studied via electrochemical

and chromatographic techniques that provide characterization
and quantification, although these techniques can only provide
crude spatial information.6 Recently, fluorescent false neuro-
transmitters (FFNs) have been developed which are selectively
loaded into vesicles that express neuronal vesicular monoamine

transporter (VMAT) and represent an optical approach for
labeling vesicles containing catecholamines and imaging
catecholamine release at the single-vesicle level.7 However,
FFNs are loaded into all secretory vesicles expressing the VMAT
protein without discrimination to cell type and thus, the
approach cannot distinguish distinct cell populations that secrete
a particular neurotransmitter.
Fluorescent sensors remain a compelling technology for

approaching the general problem of selective neurotransmitter
detection. In recent years, a number of catecholamine sensors
have been reported including RNA aptamers, fluorescent
ribonucleopeptide (RNP) complexes, and boronic acid based
synthetic receptors.8However, none of these methods represent
a practical approach for in vivo and in vitro cellular analysis and
imaging. Indeed, some time ago, we developed a coumarin
aldehyde fluorescent sensor for the selective recognition and
sensing of amines; however, in the case of dopamine and
norepinephrine, the sensor operated in a turn-offmode.9Herein,
we present a fluorescent turn-on sensor based on the coumarin
aldehyde scaffold that allows for the selective recognition and
sensing of norepinephrine in live and fixed cells.

Received: December 11, 2012
Accepted: March 1, 2013
Published: March 25, 2013

Letter

pubs.acs.org/chemneuro

© 2013 American Chemical Society 918 dx.doi.org/10.1021/cn300227m | ACS Chem. Neurosci. 2013, 4, 918−923

pubs.acs.org/chemneuro


■ RESULTS AND DISCUSSION

Our original catecholamine sensor design (1, Figure 1) included
an aldehyde that would associate with the analyte amine group
via iminium ion formation, and a boronic acid that would
associate with the catechol group.9 Unfortunately, the catechol
group strongly quenched the sensor. In this study, NeuroSensor
521 (NS521) was designed with only the aldehyde group to
associate with the analyte amines. Instead of a boronic acid
group, a p-methoxyphenyl moiety was incorporated to modulate
the fluorescence properties of the coumarin such that it would
not be quenched by the catechol group. It was anticipated that
the lack of a boronic acid recognition unit would lower the
affinity of NeuroSensor 521 for catecholamines relative to sensor
1, but given the extremely high concentration of catecholamine
in the secretory vesicles, a lower binding constant was not a
concern.
NeuroSensor 521 was prepared and screened with various

relevant amines via absorption and fluorescence spectroscopy. As
observed with other sensors in this series,10 NeuroSensor 521
binds to all primary amines via iminium ion formation,11 which
produces a red shift in absorption from 448 to 488 nm (Figure 2).
In fluorescence mode, exciting the sensor at 488 nm and adding
norepinephrine produced a marked 5.3-fold increase in
fluorescence. Table 1 summarizes binding and spectroscopic
data for the interaction of NeuroSensor 521 and a number of
relevant amines. As observed with other sensors in this series,10

all primary amines bind with low binding affinity and high
fluorescence enhancements. Interestingly, catacholamines such
as norepinephrine and dopamine have 10-fold higher binding
constants than other alkyl amines such as glycine. As with other
sensors in the class, NeuroSensor 521 does not interact with
secondary amines such as epinephrine.
The data in Table 1 indicates that the maximum fluorescence

response of the catecholamines is lower than that of generic
amines such as glutamate. The quantum yield for NeuroSensor
521 was determined both alone and bound to glutamate and
norepinephrine. The 3-fold difference in the latter two quantum

Figure 1.

Figure 2. (a) UV/vis titration and (b) fluorescence titration of NS521 (10 μM in 25 mM HEPES, 50 mM Na2S2O3, pH = 5.0, 37 °C) with
norepinephrine (λex = 488 nm). Inset in (b) is the fit to a single-site binding isotherm.

Table 1. Association Constants and Spectroscopic Parameters
for the Binding of NS521 to Various Analytes

amine guest Ka (M
‑1)a Isat/I0

b (λex = 488 nm) quantum yield (Φ)

epinephrine 0 nd nd

norepinephrine 78 5.4 0.0033

dopamine 112 3.0 nd

glutamate 10 7.8 0.0095

lysine 11 15.1 nd

glycine 8 11.1 nd

none 0.0053
aKa measured by fluorescence spectroscopy, λex = 488 nm, λem = 521
nm. Error in Ka values are ±10% based on triplicate titrations. bIsat =
fluorescence intensity at saturation taken from the theoretical fit to the
binding isotherm. nd = not determined.
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yields is due to the quenching nature of the catechol group, which
can undergo photoelectron transfer (PET) to the coumarin
fluorophore. Taken together, these data suggest that Neuro-
Sensor 521 will bind more strongly to catecholamines in a cell,
but with lower overall fluorescent enhancements. In a neuro-
endocrine cell, the concentration of catecholamines (0.5 − 1.0
M) in secretory vesicles is at least an order of magnitude greater
than the concentration of other biogenic primary amines. Thus,
the moderate selectivity of NeuroSensor 521 for catecholamines
over other biogenic amines coupled with the relatively high
concentrations of catecholamines in secretory vesicles was
expected to overcome the lower fluorescence response from
the catecholamine. In addition, the unique spectral properties of
NeuroSensor 521 allow for monitoring the unbound and bound
states using 440 and 488 nm excitation, respectively.
From the titration data, it appeared that NeuroSensor 521

could be used to selectively detect dopamine and norepinephrine
over epinephrine. Thus, we chose to demonstrate the utility of
our method through the selective labeling and direct visualization
of norepinephrine in secretory vesicles to distinguish norepi-
nephrine- from epinephrine-enriched populations of chromaffin
cells. Chromaffin cells were separated into norepinephrine-
enriched and epinephrine-enriched fractions by centrifugation
on a Percoll gradient.12 Both populations were independently
incubated with a 0.1 μM solution of NeuroSensor 521 at 37 °C
for 30 min and then washed to remove excess sensor and
plated.13 The cells were examined by confocal fluorescence
microscopy using 488 nm excitation (Figure 3a,b). The
norepinephrine-enriched cell population showed strong, punc-
tate fluorescence compared to the epinephrine-enriched cell

population, which only showed marginal fluorescence. The
punctate fluorescence pattern is consistent with secretory
vesicles in chromaffin cells. These results indicate that the
sensor is able to enter the vesicle and bind to norepinephrine
selectively over epinephrine, as anticipated. The low fluorescence
response observed within the epinephrine-containing chromaffin
cells was attributed to the binding of NeuroSensor 521 to the low
concentration of norepinephrine present in these vesicles. Next,
the cells were excited at 440 nm to selectively excite any potential
unbound sensor, although some excitation of bound sensor is
expected at this wavelength (Figure 3c,d). Weak fluorescence
was observed in both cell populations, though again more in the
norepinephrine-enriched population. These data suggest that
little sensor remains in the epinephrine-enriched cell population.
This result supports the notion that NeuroSensor 521
accumulates in vesicles, which is not surprising for a neutral
compound that forms a charged complex upon interaction with
the target analyte (Figure 1). The charged complex presumably
cannot cross the vesicle membrane and thus becomes trapped.14

Thus, the higher fluorescence in the norepinephrine-containing
cells is a result of the high concentration of primary
catecholamine in the vesicles, which causes accumulation of
the sensor in these vesicles. Lacking significant concentrations of
primary catecholamines, the epinephrine-containing cells do not
accumulate the sensor and show lower fluorescence. The overall
low background fluorescence is remarkable given the rather
promiscuous binding of NeuroSensor 521 to primary amines.
Here the rather low affinity of the sensor for binding amines
actually confers an advantage for selective labeling of high
concentrations of primary amine analytes in secretory vesicles.

Figure 3. Epinephrine-containing cells incubated with NS521 (0.1 μM): (a) λex = 488 nm and (c) λex = 440 nm. Norepinephrine-containing cells
incubated NS521 (0.1 μM): (b) λex = 488 nm and (d) λex = 440 nm.
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To further validate the selective labeling of norepinephrine-
containing vesicles, we labeled fixed cells using an antibody

against phenylethanolamine N-methyltransferase (PNMT), an
enzyme that converts norepinephrine to epinephrine. Antibody

Figure 4.All cells were stained with NS521 (1 μM), fixed (4% formaldehyde), and incubated with an anti-PNMT antibody followed by a Cy3-anti-rabbit
antibody. Norepinephrine-enriched cells (a−c) visualized at (a) 525 nm, (b) 585 nm, and (c) bright field. Epinephrine-enriched cells (d−f) visualized at
(d) 525 nm (e), 585 nm, and (f) bright field. Mixed cells (g−i) visualized at (g) 525 nm, (h) 585 nm, and (i) bright field. Cells circled in green indicate
NE-enriched cells, and cells circled in red indicate EP-enriched cells.

Figure 5. Quantification of cell fluorescence from the cell populations from Figure 4. (a) Fluorescence intensity at 585 nm plotted on the Y-axis and
fluorescence intensity at 525 nm plotted on the X-axis. Each point represents an individual cell. EP-enriched cells fall above the blue line, and NE-
enriched cells fall below the blue line. (b) The average ratio of fluorescence intensity at 585 nm vs 525 for norepinephrine-enriched and epinephrine-
enriched cells.
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labeling was visualized with a Cy3-conjugated secondary
antibody.15 It has been shown that epinephrine-enriched cell
populations give the highest level of PNMT staining, while
norepinephrine-enriched populations gave lower staining (ca.
20% of that with epinephrine-enriched cells). For this experi-
ment, three populations of chromaffin cells (norepinephrine-
enriched, epinephrine-enriched, and mixed) were stained with
NeuroSensor 521 and fixed in 4% paraformaldehyde. The fixed
cells were stained with the anti-PNMT and secondary antibodies
(Figure 4). The top row of Figure 4 shows that the NE-enriched
cell population stains brightly with NS521 and weakly with the
fluorescent antibody while the opposite is true for the EP-
enriched cell population (second row). Indeed the mixed
population of cells (third row, Figure 4) contained cells with
staining patterns consistent with both NE-enriched cells (circled
in green) and EP-enriched cells (circled in red).
The fluorescence emission in the images shown in Figure 4

were quantified using ImageJ16 (Figure 5). As shown in Figure
5a, EP-enriched cells show an increased anti-PNMT staining
compared to NS521. Conversely, the NE-enriched cells showed
an increased staining by NS521 compared to the anti-PNMT. As
expected, the mixed cell population contained cells which fell
into both categories. The average fluorescence intensity ratio of
585 nm vs 525 for epinephrine-enriched cells was 6 times of that
of norepinephrine-enriched cells (Figure 5b).

■ CONCLUSION

NeuroSensor 521 was developed as a turn-on sensor for primary
amines. It binds catecholamines such as norepinephrine more
tightly than other biogenic amines such as glutamate, and it has
no apparent affinity for secondary amines such as epinephrine.
This selectivity was demonstrated in chromaffin cells where the
norepinephrine-containing cells were stained preferentially over
epinephrine-containing cells under identical conditions. Fur-
thermore, the fluorescence is not affected by fixation. Neuro-
Sensor 521 represents a convenient method to selectively stain
norepinephrine and dopamine in neurosecretory vesicles.

■ METHODS

Fluorescence Titrations. Fluorescence spectra were recorded on a
Shimadzu RF-5301 PC spectrofluorometer at 37 °C. A 1 mg/mL stock
solution of NeuroSensor 521 in DMSO was prepared. A stock solution
of NeuroSensor 521 in buffer (1 × 10−5 M, 25 mM HEPES, 50 mM
Na2S2O3, pH = 5.0) was prepared. Norepinephrine, dopamine,
epinephrine, and glutamate stock solutions were prepared by separately
dissolving the analytes at the concentration to be used in the titration
with the buffered stock solution of NeuroSensor 521 (thus avoiding
dilution of NeuroSensor 521 during the experiment). NeuroSensor 521
was titrated with aliquots of analyte solution. The sensor was excited at
488 nm with slit widths of 5 nm.
Chromaffin Cell Preparation. Chromaffin cells were isolated from

bovine adrenal glands as previously described.17 Following centrifuga-
tion at 18 °C at 13 000 rpm for 45 min in the Percoll gradient,
chromaffin cells separate into fractions enriched with either
epinephrine-enriched cells (denser band) and norepinephrine-enriched
cells (lighter band).12bOver 90% of the catecholamine content found in
the cells in the denser fraction is epinephrine, whereas approximately
67% of the catecholamine content in the lighter fraction is
norepinephrine.18 The two cell fractions were collected from the
Percoll gradient with careful pipetting and separately cultured. We used
an alternative culture method to make it easier to detach the cells from
the flasks and to reduce cell clumping. Chromaffin cells were cultured in
Hibernate A media with calcium (BrainBits LLC, Springfield, IL) in a
refrigerator (4 °C) and used 1−6 days after preparation.18

Standard Cell Bath Solution. The standard cell bath solution for
live-cell imaging consisted of 150 mM NaCl, 5 mM KCl, 2 mM CaCl2,
1.2 mM MgCl2, 10 mM HEPES, and 11 mM glucose titrated to pH 7.2
with 1 M NaOH.

Live Cell Experiments. Approximately 5 mL of culture media
containing suspended norepinephrine cells or epinephrine cells were
centrifuged at 1000 rpm for 5 min. The pellet was resuspended in 1 mL
Dulbecco’s modified Eagle’s medium (DMEM). Next, the cells were
incubated on a 35 mm Petri dish with either 0.1 μM (for live cell
experiments) or 1 μM sensor (for fixed cell experiments) in a humidified
incubator at 37 °C with 5% CO2 for 30 min. Norepinephrine cells or
epinephrine cells were transferred into 15 mL conical tubes, spun, and
washed twice with prewarmed PBS (DPBS, Gibco, Invitrogen, Grand
Island, NY). Next, the cells were resuspended in prewarmed chromaffin
cell regular medium (DMEM supplemented with 10% (v/v) fetal bovine
serum and 1% penicillin/streptomycin). The cells were plated onto
0.0025% poly(L-lysine) coated coverslips within 35 mm Petri dishes and
incubated at 37 °C with 5% CO2 for 10 min to promote cell adhesion to
the coverslips. The coverslip with norepinephrine cells or epinephrine
cells was mounted onto the stage of Olympus Optical FluoView FV1000
confocal laser scanning biological microscope. A standard cell bath
solution was added, and the images were acquired using a laser with a
wavelength of either 488 or 440 nm.

Fixed Cell Experiments. NE-enriched cells, EP-enriched cells and
mixed cells were stained with NeuroSensor 521 (1 μM) and plated on
0.0025% poly(L-lysine) coated coverslips. After three washes with
prewarmed phosphate-buffered saline (pH = 7.4, PBS), the cells were
fixed in 4% paraformaldehyde (Sigma, St. Louis, MO, USA) in PBS for
60 min at room temperature (RT), followed by 6 min in methanol
chilled to −20 °C. Cells were incubated at 4 °C with anti-PNMT
antibody (1:1000 dilution, Millipore, Temecula, CA) in PBS with 3%
BSA and 0.1% Triton X-100.15 After three washes in PBS, bound
antibody was detected using Cy3-conjugated AffiniPure donkey anti-
rabbit antibody (1:150 dilution, Jackson ImmunoResearch Laboratories,
Inc., Nest Grove, PA). Cells were finally washed three times with PBS.
NE-enriched cells, EP-enriched cells, and mixed cells on the coverslips
were mounted onto the stage of an Olympus Optical Fluoview FV1000
confocal laser scanning biological microscope, prolong gold antifade
mounting medium (Invitrogen, Eugene, Oregon) was added, and then
the images were acquired. Excitation and emission wavelength of 488
nm and Qdot525 were used for NeuroSensor 521, while 559 nm and
Qdot585 were used for PNMT.
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