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ABSTRACT: The study of the colligative properties of adenosine 5′-triphosphate (ATP) and
catecholamines has received the attention of scientists for decades, as they could explain the
capabilities of secretory vesicles (SVs) to accumulate neurotransmitters. In this Article, we
have applied electrochemical methods to detect such interactions in vitro, at the acidic pH of
SVs (pH 5.5) and examined the effect of compounds having structural similarities that
correlate with functional groups of ATP (adenosine, phosphoric acid and sodium phosphate
salts) and catecholamines (catechol). Chronoamperometry and fast scan cyclic voltammetry
(FSCV) provide evidence compatible with an interaction of the catechol and adenine rings.
This interaction is also reinforced by an electrostatic interaction between the phosphate group
of ATP and the protonated ammonium group of catecholamines. Furthermore,
chronoamperometry data suggest that the presence of ATP subtlety reduces the apparent
diffusion coefficient of epinephrine in aqueous media that adds an additional factor leading to
a slower rate of catecholamine exocytosis. This adds another plausible mechanism to regulate
individual exocytosis events to alter communication.

Secretory vesicles (SVs) are the key organelles in the
exocytotic release of neurotransmitters. They can accumu-

late astonishing high concentrations of catecholamines (0.5−1
M)1,2 along with the other main soluble components including
adenosine 5′-triphosphate (ATP)3 and chromogranins4 (a large
family of intravesicular acidic proteins). The concentrations of
biogenic monoamines and soluble species in the vesicle matrix
are far above the theoretical isotonic values.5,6 The adsorption
of catecholamines to chromogranins is one of the mechanisms
proposed to reduce the osmotic strength that we lately
demonstrated in living cells.7,8 However, even in the absence
of chromogranins, SVs of chromaffin cells, and probably from
all large dense core vesicles, are still capable to accumulate
amines to theoretical hypertonic conditions. These observa-
tions focused us on ATP, which is, along with catecholamines,
the most concentrated intravesicular species. One reason for
this ample distribution could be the colligative feature of ATP
with biogenic amines.
Besides its well-established roles in metabolism and as a

neurotransmitter of the purinergic system, indeed, ATP could
be considered a candidate for the first molecule used as a
transmitter in primitive forms of life, since it often accumulates
at high concentrations and is commonly found in conjunction
with different types of neurotransmitters. ATP is present in
virtually, and possibly all, types of secretory vesicles from all

animal species. This also includes even primitive life forms like
Giardia lamblia that lack Golgi complexes and mitochondria.
The detection of ATP in the secretory vesicles of sympathetic
neurons was considered to be the first example of
cotransmission.9,10 However, the reason for this widespread
distribution of ATP remains a mystery. Given the ubiquitous
accumulation of ATP in secretory vesicles it is possible that
other neurotransmitters should be considered to coincide with
ATP rather than the other way round.9

One hypothesis is that primitive forms of life on Earth
employed the colligative properties of ATP to regulate
communication. Recently, the role of vesicular ATP in
accumulating catecholamines in living chromaffin cells has
been established.11 Cells appear to use ATP to facilitate the
accumulation of neurotransmitters and other secreted sub-
stances at high concentrations thus contributing to support
quantal transmission of amines, and probably other trans-
mitters, in secretory vesicles. But, is ATP important more
broadly in neurotransmission? ATP is broadly important in
biology and has a structure capable of aggregating with
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catecholamines and might be very important in modulation of
this biological system.
The diffusion constants of catecholamines released from

vesicular dense core toward a carbon fiber electrode is slower
than the predicted diffusion coefficients by the experimentally
determined values in buffers.12,13 This delayed release of
intravesicular catecholamines has been explained by two major
phenomena: restriction caused by fusion pore diameter and by
retention of soluble components attached to the vesicular
matrix.14,15 In addition, some other components such as
proteins or the phospholipid bilayer may be involved in slow
diffusion of amines toward the electrode surface as external
measurement of exocytotic events show a slow diffusion of
catecholamines once released.16,17 The cell microenvironment
could also decrease the apparent diffusion coefficient of
catecholamines. For example, the presence of polysaccharides
in the outlet side of membrane could contribute to slowdown
the diffusion,18 but even after removal of them by cell treatment
with hyaluronidase, which apparently accelerates exocytosis, the
diffusion is still far from the numbers calculated in vitro. This
indicates that components of the so-called intravesicular
cocktail, particularly highly concentrated ATP molecules
might be released as associated complex and their coexistence
in SVs could also affect the apparent dynamics of catecholamine
release.
The association between catecholamines and ATP has been

studied by different techniques, such as osmometry,6 NMR,19

ultracentrifugation,20 calorimetry,21 etc., but it has not yet been
dynamically studied with electrochemical techniques, which are
uniquely capable of directly monitoring single secretory events
in real time. To the best of our knowledge, the earliest attempt
to quantify the catecholamines/ATP interaction was done by
Weiner and Jardetzky using H NMR.19 They suggested that
more than one complex, with different stoichiometry, could be
formed and that there is a rapid exchange of the constituents
between free and complex species. By varying the concen-
trations of amine and nucleotide, it was found that, at pH 5.6,
three molecules of epinephrine interact with one molecule of
ATP. Monoamines formed mixed aggregates with ATP and
other nucleotides with molar ratios of catecholamines to ATP
of about 4:1, which coincides with some of the described in
chromaffin granules.3 Additionally, from ultracentrifugation
experiments it has been concluded that catecholamines and
ATP form aggregates, which may be stabilized by the binding to
chromogranins.20

In this Article, we have reassessed the functional relationship
between ATP and catecholamines to define how the interaction
of both chemical species will increase the accumulation of
biogenic amines by reducing the osmotic forces and slowdown
the exocytotic process. To the best of our knowledge, this is the
first attempt to use electrochemical techniques (fast scan cyclic
voltammetry and chronoamperometry) to study the influence
of ATP in the diffusion of catecholamines in aqueous media.
However, the effect of ATP on the diffusion of catecholamines
in aqueous media, is a smaller effect in comparison to those
observed for limited diffusion from the vesicular dense core,22

through the fusion pore,15 or even in the glycocalyx.18 The
interaction of ATP and catecholamines might also cause a delay
in the diffusion of neurotransmitters as they are released from
presynaptic cells and be involved in subtle, but crucial,
regulation of exocytosis.

■ EXPERIMENTAL SECTION

Chemicals and Solutions. Catecholamines (dopamine,
epinephrine, and norepinephrine) were obtained as hydro-
chloride and ATP as disodium salt, from Sigma-Aldrich (San
Louis, MI). All chemicals were of analytical grade and used as
received. MES buffer solution containing (in mM): NaCl
(154), KCl (5.6), MgCl2 (3.6), MES (10), and glucose (5.6)
adjusted to pH 5.5 with NaOH.

Carbon Fiber Microelectrodes. The procedure for the
fabrication of carbon fiber microelectrodes was previously
described.23,24 Briefly, the carbon fiber working electrodes were
fabricated by aspirating 7 μm diameter carbon fibers (Cytec
engineered materials, Tempe, AZ) into borosilicate glass
capillaries (1.2 mm O.D., 0.69 mm I.D., Sutter Instrument
Co., Novato, CA). The capillaries were subsequently pulled
with a commercial micropipette puller (Model PE-21,
Narishige, Inc., London, UK) and sealed with epoxy (EpoTek
301, Epoxy Technology, Billerica, MA). The electrode tips were
polished at a 45° angle on a diamond dust-embedded
micropipette beveling wheel (Model BV-10, Sutter Instrument
Co., Novato, CA). Electrodes were tested by flow injection
analysis using known concentrations of catecholamines.23 Only
electrodes showing good reaction kinetics with stable I−E
curves were used.

Chronoamperometry. Chronoamperometric measure-
ments of epinephrine prepared in the MES buffer were carried
out by setting the working electrode potential at 0.4 V (the first
potential step) and −0.4 V (the second potential step) with a
VA-10X potentiostat (NPI Electronics, Tamm, Germany)
connected to a Power Lab PowerLab 8/30 (ADInstruments,
Bella Vista, NSW, Australia). Amperometric signals were
collected at 10 kHz and the data were analyzed using IGOR-
Pro (Wavemetrics, Lake Oswego, OR).

Fast Scan Cyclic Voltammetry. Fast scan cyclic
voltammetry measurements were conducted in the same
solutions as the chronoamperometric measurements. In the
FSCV study, a triangular waveform were used scanning from
−0.4 to 1.2 V and back vs. an Ag/AgCl pseudo-reference
electrode at 400 V/s and a sample rate of 200 kHz.25 The
waveform was repeated at 10 Hz and the potential were held at
−0.4 V in-between scans. Under these conditions, catechol-
amines are oxidized to their corresponding o-quinone during
the anodic sweep (peak potential around 0.5 V) and reduced
back at the cathodic sweep (peak around −0.2 V). The
acquisition was controlled by an in-house written MATLAB
routine (R2015b, Mathworks Inc., USA) and the recordings
were made using a Chem-Clamp (Dagan Corp., USA)
potentiostat with a PCI-6251 (National Instruments, USA)
DAQ-card.
The data were analyzed using MATLAB. Every measurement

was done for 100 cycles (10 s) and the resulting cyclic
voltammogram was taken as the average of the last 50 cycles of
the recordings to minimize the influence of conditioning (drift
in the background current) of the electrode. The background
(charging current) was measured for each freshly prepared
electrode and the average cyclic voltammogram was digitally
subtracted26 from each measurement to obtain a pure cyclic
voltammogram only containing Faradaic current (originating
from the redox reaction of the catecholamines).

Osmotic Pressure Measurements. Osmolarity was
determined by an Osmomat 030 freezing point osmometer
(Gonotec GmbH, Berlin, Germany). 50 μL of deionized water
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(freezing point of 0 °C) or a standard solution (300 mOsm/kg)
(Gonotec) were used as reference and for the calibration of the
instrument, respectively. The same volume of the solutions
containing catecholamines, ATP or mixed analytes, in a molar
ratio of 3:1 (catecholamine: ATP) in deionized water, were
subjected to freezing to determine the osmotic forces.
Statistical Analysis. Statistical analysis for chronoamper-

ometry and FSCV data were performed in GraphPad Prism 7
(GraphPad Software, Inc., San Diego, CA). Data are reported
as means ± SEM, unless otherwise indicated. Data were tested
for significant differences by single factor one-way ANOVA;
***p < 0.001; **p < 0.01; *p < 0.1. Data were considered
significant at the 95% confidence level. For some points, the
error bars were smaller than the height of the symbol. In these
cases, the error bars are not shown.

■ RESULTS AND DISCUSSION
Chronoamperometric Evidence for the Association of

ATP with Catecholamines. Prior to starting the experiments,

the electrochemically active surface of the electrodes was
estimated to minimize the influence caused by morphology, as
each is not identical. We assayed 100 μM epinephrine solutions
under stop-flow conditions. In order to obtain stable and
reproducible results, electrodes were beveled in isopropanol27

and then maintained in the flowing stream while pulsing the
voltage as described below for 30 min until responses became
stable. The area was calculated using the following equation,28

=I rnFDC4 (1)

where F is the Faraday constant (96485 A s mol−1), D is the
diffusion coefficient of epinephrine (6.21 × 10−6 cm2 s−1),29 I is
the oxidation current, n is the number of electrons from the
electrochemical reaction (2 for catecholamines), and C is the
bulk concentration of epinephrine (mol cm−3).
The oxidation currents were examined by chronoamperom-

etry for a series of solutions containing epinephrine, or
epinephrine and ATP, at the given concentrations. Chro-
noamperograms acquired in response to sequential potential

Figure 1. ATP modifies the electrochemical characteristics of catecholamines. (A) A typical experimental current time response of 100 μM
epinephrine solution (red trace) to a sequential potential steps of −400, 0, and +400 mV (black line) using carbon fiber microelectrodes in MES
solution (pH 5.5). (B) Representative traces of oxidation currents obtained in the presence of different epinephrine concentrations (10, 25, 50, 75,
100, 150 μM, from the lower to the upper traces), following a potential step from 0 to +400 mV. Inset: Linear relation between epinephrine
concentration and oxidation current (closed circles are the average ± SD from triplicates, most deviation bars are smaller than dots). (C)
Representative current vs t−1/2 traces obtained from chronoamperograms showing the linear portion of the data. Inset: Linear fit of the slopes vs
epinephrine concentration (deviation bars are smaller than dots). (D) ATP reduces the oxidation current of epinephrine at electrode surface. (E)
Alterations in the apparent diffusion (D) of epinephrine (100 μM), expressed as percentage of change, in the presence of increasing concentrations
of ATP. (F) Quantification of the changes in the diffusion of epinephrine by ATP (means ± SD). (G) Changes in the apparent diffusion coefficient
obtained from epinephrine/ATP mixtures by chronoamperometry (deviation bars are smaller than dots, SD smaller than 2%, n = 3). Note that an
excess of ATP changes the slope. N equals 3 or more for all experiments.
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steps of −400, 0, and +400 mV (Figure 1A). Figure 1B shows
the expanded current traces obtained in the presence of
different epinephrine concentrations. Notice that the last parts
of traces correspond to the steady state of oxidation curves
where the capacitive component was negligible. The linear
relation between epinephrine concentration and oxidation
current is shown in the inset of Figure 1B.
At long experimental time, under diffusion control with

reduced charging current, a plot of current vs t−1/2 will be linear
and the value of D can be obtained.30,31 These plots are shown
in Figure 1C. The slope of these data was used to calculate D.
Chronoamperometry experiments were sampled at 10 kHz
using voltage square pulses of 5 s. The slopes of the linear
segments are directly dependent on the epinephrine concen-
tration (inset). We did not include data from this linear
regression because of charging (capacitance) currents. The
changes in its apparent diffusion coefficient of epinephrine were
examined using a fix concentration of epinephrine (100 μM)
alone and in the presence of increasing concentrations of ATP.
In the presence of ATP the oxidation current of epinephrine
dropped (Figure 1D). By introducing these values in eq 1 we
could determine the changes in the apparent diffusion
coefficient of epinephrine in aqueous media. Figure 1E shows
how altering the ratio of epinephrine/ATP modifies the
diffusion coefficient of epinephrine. When the ratios of
epinephrine/ATP decreased from 10:1 to 1:2 a change in
diffusion of about 25% was observed. However, higher ATP
concentration caused less effect, thus following a quasi-linear
change. This suggests a direct association of both species, which
either reduce the diffusion toward the electrode surface or
somehow limits electro-oxidation of epinephrine. Figure 1F
summarizes the results from 4 to 5 different experiments
assayed in triplicates. The contribution of ATP to the apparent
diffusion of epinephrine was also studied varying the
epinephrine concentrations. Figure 1G resumes two different
situations. The epinephrine/ATP ratios of 1:0 and 1:1
produced similar apparent diffusion coefficients (D) as they
maintain the same slopes (0.79 vs 0.77; p = 0.54). However,
when the ratio of epinephrine/ATP was 1:10, the slope
changed significantly (0.79 vs 0.40; p = 0.001, ANOVA test).
The concentration of catecholamines in secretory vesicles

from chromaffin cells varies depending on the animal species
studied, and have been measured by patch clamp amperometry
being ∼800 mM for the mouse2,32 and ∼1 M for the cow.1 The
real concentration of vesicular ATP is still unknown although
the described ratios of catecholamines/ATP range from 4:1 to
1:10.3,11,33 Our experiments were conducted within these
described ranges.
Investigation of the Catecholamines/ATP Interactions

using FSCV. Background subtracted fast-scan cyclic voltam-
metry with carbon fiber microelectrodes have been used to
detect effect of ATP on oxidation current of catecholamines.
We have used two sets of experiments, where the catechol-
amine concentration was altered with a fixed amount of ATP or
where different concentrations of ATP were added to solutions
with fixed concentration of catecholamines.
For the first set of experiments, 50 μM of ATP was used and

fixed in all experiments. Then epinephrine was added in a ratio
of 1:1 to 1:4 from 50 to 200 μM. As can be seen in Figure 2,
cyclic voltammogram peak current increased with increased
concentration of epinephrine with or without ATP. However, a
decrease of current (diffusion coefficient for epinephrine/ATP)
in the solution containing 50 μM ATP was observed between 9

and 20% as compared to that in the absence of ATP. At the 1:1
ratio of epinephrine/ATP, the change in diffusion coefficient
was about 20%. However, increasing epinephrine concentration
in the presence of fixed amount of ATP, caused a smaller effect
on the voltammetric current and therefore on apparent
diffusion coefficient (Figure 2E). The reason for this behavior
probably is that the on and off rates for the epinephrine/ATP
complex are fast and the possibility to observe more than one
epinephrine molecule bound to an ATP molecule at the ratio of
4:1 (ATP: epinephrine) is very low. In order to occupy more
than one binding site of an ATP molecule with epinephrine
molecules, the ratio of ATP to epinephrine has to be larger than
1:10 and at those ratios, the concentration of free epinephrine
is much more than the concentration of bound molecules.
Hence, the effect on the apparent diffusion coefficient is less
than 10%, which makes the binding ratio difficult to quantify.
In order to study the effect of ATP on the peak separation

potential of epinephrine, ΔEp = (Epa − Epc) was measured. As
shown in Figure 2F, the peak separation potential for all
epinephrine solutions containing 50 μM ATP is a little less than
those without ATP; however, the difference between ΔEp
values was not significant, which suggests ATP does not affect
the kinetics of the redox reaction for epinephrine at the
electrode surface. Additionally, dopamine and norepinephrine
behaved similarly to epinephrine (data not shown).
In another series of experiments, 50 μM of epinephrine was

used and fixed in all experiments. Then ATP was added in a
ratio of 1:1 to 1:4 from 50 to 200 μM. The pH was measured
before and after adding ATP. No change was observed after
adding ATP from a ratio of 1 to 4. The results of these
measurements are given in Figure S-1. In all cases, the oxidation
current of epinephrine was decreased after adding ATP in
different ratios. Again, the current changes induced by ATP in
solution containing norepinephrine and dopamine generally

Figure 2. Interaction between epinephrine and ATP. Background-
subtracted cyclic voltammograms of different concentration of 50 (A),
100 (B), 150 (C), and 200 (D) μM epinephrine in 10 mM MES buffer
(pH 5.5) containing 50 μM of ATP. The scan rate was 400 V/s. (E)
Changes in the apparent diffusion coefficient obtained from
epinephrine/ATP (50 μM) mixtures. (F) ΔEp variations as a function
of epinephrine concentration (50, 100, 150, and 200 μM) in solutions
without and with 50 μM ATP (n: different preparation = 3).
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follow similar trends as those of epinephrine. The conclusion
that can be drawn from these results is that catecholamines
form aggregates with ATP and that this aggregation increases
with rising concentrations of ATP, which is in agreement with
previous studies using other techniques.34,35 This is important
both for quantification of electrochemical measurements of
catecholamine concentration in the presence of ATP, but also
to understand the interaction of these molecules in biological
systems.
Interaction of Catecholamines with Adenosine (In-

stead of ATP). Previous H-NMR studies have been also
demonstrated that catecholamines and adenine nucleotides
form binary complexes through stacking interaction between
the catechol and the adenine rings.36 We carried out
experiments to determine the mechanism of the ATP
interaction with catecholamine following the concentration
ratios used by other authors for osmometry studies.6 The effect
of catechol-adenine ring interaction was examined by using
only adenosine, with an adenine ring attached to D-ribose.
Increasing concentrations of epinephrine were added to
solutions containing 50 μM adenosine. As observed in Figure
3A, the voltammetric signals were found to decrease upon

addition of a fixed amount of adenosine, indicating the
participation of the adenine ring in the complexation between
the nucleotides and epinephrine. Similar to ATP, by increasing
epinephrine concentration in the presence of a fixed amount of
adenosine, the alterations in the apparent diffusion of
epinephrine, expressed as percentage of D, becomes smaller
(Figure 3B). Since adenosine molecules adsorb strongly on the
carbon electrode surface,37 peak currents are the contribution
from both adsorption and diffusion. In this case, the cyclic
voltammogram peak currents decay toward the baseline
because the offset caused by mass transport under the steady
state conditions is small, resulting in a typical voltammogram
for an adsorption controlled process (Figure S-2).
Catechol-ATP: The Absence of Amine−Phosphate

Interaction. To further investigate the involvement of the
side chain of the catecholamines moiety in the interaction with
ATP, catechol was used instead of catecholamines and added
with different ratios from 50 to 200 μM to fixed amount of ATP
(50 μM). These experiments allow us to obtain a better
understanding into the phosphate-amine interactions. In the
presence of ATP, the oxidation current of catechol decreased
especially at high concentrations of ATP (200 μM). However,
the differences between voltammetric responses in this case

were much less than those obtained from catecholamines. It is
apparent from these measurements that the amine moiety of
the catecholamines is more involved in the association with
nucleotides, most likely through an electrostatic interaction
with the side chain of ATP molecule. This amine-phosphate
bonding is augmented by stacking association between the
catechol and the adenine rings as described above.38,39

Phosphoric Acid−Catecholamine: The Absence of
Ring Interactions. To investigate the possible participation
of the phosphate group in the absence of the adenine ring of
the nucleotide, phosphoric acid solutions were prepared and
added to epinephrine solutions again at different ratios from 1:1
to 1:4.
Upon addition of phosphoric acid some slight changes in

voltammetric responses were detected. The results are shown
in Figure 4. The changes in the current and diffusion coefficient

were significantly smaller than those obtained for ATP or
adenosine (Figure 4B and D). The epinephrine/phosphoric
acid ratio of 1:1 caused a 6.5% change in diffusion coefficient.
These data support that in the absence of rings association the
amine-phosphate interaction is considerably reduced. It can
thus be concluded that the phosphate group again has a minor
involvement in the association of catecholamines with ATP.
These results are consistent with those obtained by Granot et
al.40

Microcalorimetric Evaluation of the Interaction
between the Catecholamines and ATP. Calorimetry allows

Figure 3. Adenosine reduced the electrochemical signals obtained by
fast scan cyclic voltammetry. (A) Oxidation current changes of
solutions with different concentration of epinephrine (50, 100, 150,
and 200 μM) in 10 mM MES buffer (pH 5.5) containing 50 μM of
adenosine; *p < 0.1; ***p < 0.001. (B) Changes in the apparent
diffusion coefficient obtained from epinephrine/adenosine (50 μM)
mixtures (error bars are smaller than dots, n = 3).

Figure 4. Electrochemical variations on epinephrine currents caused
by phosphoric acid obtained from fast scan cyclic voltammograms. (A)
Oxidation current changes of solutions with different concentration of
epinephrine (50, 100, 150, and 200 μM) in 10 mM MES buffer (pH
5.5) containing 50 μM of phosphoric acid. (B) Changes in the
apparent diffusion coefficient obtained from epinephrine/phosphoric
acid (50 μM) mixtures (error bars are smaller than dots, n = 3). (C)
Oxidation current changes in solutions of 50 μM epinephrine with
different amounts of phosphoric acid from 50, 100, 150, and 200 μM.
(D) Alterations in the apparent diffusion coefficient of 50 μM
epinephrine in the presence of increasing concentrations of phosphoric
acid: 50, 100, 150, and 200 μM (error bars are smaller than dots, n =
3). *p < 0.1; **p < 0.01;***p < 0.001.
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direct measurement of the thermal energy resulting from the
association of soluble components. Here, we used dopamine as
catecholamine instead of epinephrine, although results are
similar. As it is shown in Figure S-3, dopamine injection into
ATP solutions produced exothermic reactions indicating the
interaction between molecules. The values of heat (−ΔH/kcal/
mol), resulting from the integration of the deflections after each
injection, were represented with respect to the ratio of
concentration (molar ratio) and adjusted to a sigmoidal curve
with a value of R2> 0.95 (see Figure S-3B).
The interaction of ATP and catecholamines have been

studied by different approaches including calorimetry.21 We
reassessed these experiments using microcalorimetry obtaining
similar results (Figure S-1) related to enthalpy (ΔH = −2.8).
However, the stoichiometry catecholamines/ATP reflected
lower values (n = 2.5) ∼421 being, however, similar to those
reported from NMR studies, in which the stoichiometry for
complexation is estimated ∼2.19
Osmometry Evidence the Association of Both

Epinephrine and Norepinephrine with ATP. Epinephrine
and norepinephrine are the main catecholamines in chromaffin
secretory vesicles. We studied the interaction of just
norepinephrine and ATP on osmotic pressure.9 To compare
the interaction of both catecholamines with ATP, we have
extended these osmotic experiments to epinephrine. Figure 5

shows that osmotic pressures of epinephrine (red dashed line)
or norepinephrine (blue dashed line) both were hydrochloride
salts, solutions behave as ideal with almost identical slopes of
∼0.7 mOsm/mM from 100 to 600 mM (linear fits with R2

values >0.99), indicating a little or none association in the
solution. Instead, the osmotic pressures of solutions of ATP
behave far from ideal in the range from 20 to 200 mM ATP
(gray trace). The low value of slope (∼0.4 mOsm/mM)
indicates self-association, as previously reported.6 The mixtures
of either epinephrine or norepinephrine with ATP showed a
reduction of >20% in the slopes of the osmotic pressures vs
concentration (solid red and blue lines). Although no
significant differences between epinephrine and norepinephrine
were found the effect of ATP on the osmotic pressure
significantly decreased. This effect was especially important at
higher concentrations of solutes, as it occurs in chromaffin
secretory vesicles, compare the theoretical with the measured
data (Figure 5).

■ CONCLUSIONS
Our experimental findings confirm that ATP and catechol-
amines form complexes in aqueous solutions. This interaction
seems to occur in secretory vesicles like chromaffin granules
and, probably, in all large dense core vesicles. Catechol/
adenosine interaction is the most important accounts for the
major colligative action whereas the phosphate side chain of
ATP and the amine part of the catecholamine moiety will also
contribute to this association, probably by facilitating the spatial
orientation of molecules. Our data also reveal that ATP subtlety
reduces the apparent diffusion constant of catecholamines,
probably caused by the size of the molecular complex.
In addition to the already proposed role of ATP to

contribute to the storage of neurotransmitters in secretory
vesicles, the present work provides new information, suggesting
that ATP also delays the diffusion of catecholamines in aqueous
media, although this is a smaller effect than those observed for
limited diffusion from the vesicular dense core, through the
fusion pore, or even in the glycocalyx. Catecholamines form
mixed aggregates with ATP and other nucleosides, which
increase with rising proportion of ATP. Our results support the
idea that, in addition to fusion pore restriction and vesicle
protein matrix/catecholamine interaction, this association with
ATP alters the diffusion of neurotransmitters occurring during
exocytosis. Overall, several diffusional processes complicate the
rate of transmitter release during exocytosis. This is very
interesting as the interplay between these processes could be
regulated as part of the exocytosis process and lead to subtle
changes and modulations in the strength of signaling. In
biological systems, small changes can be very important. These
can be evaluated with the analytical measurements provided
here. These small changes with ATP might have importance
across several other neurotransmitters such as serotonin, which
is of a great importance in mood disorders for example. Finally,
the conclusions of this work give support to what we have
observed in vivo.11

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.7b02494.

Methods and figures depicting electrochemical signals of
epinephrine/ATP, cyclic voltammograms of epinephrine,
and epinephrine/adenosine and microcalorimetry (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: andrewe@chalmers.se. Phone: +46(0)76 1172293.
*E-mail: rborges@ull.es.
ORCID
Johan Dunevall: 0000-0001-9188-9893
Andrew. G. Ewing: 0000-0002-2084-0133
Author Contributions
⊥Z.T. and J.E.-H. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Knut and Alice Wallenberg
Foundation, the European Research Council (ERC), the

Figure 5. Osmotic evidence of the interaction of epinephrine and
norepinephrine with ATP. Plots show the osmotic pressure exhibited
by Na-ATP (gray line), epinephrine·ClH or norepinephrine·ClH (red
and blue dashed lines respectively). The osmotic pressure of the
mixture of Na-ATP with norepinephrine·ClH or epinephrine·ClH at a
proportion 1:3 are indicated by solid lines. These experiments were
conducted using a freezing-point osmometer. The theoretical pressure
of these mixtures as ideal solutes is indicated by the solid black line.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.7b02494
Anal. Chem. 2018, 90, 1601−1607

1606

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02494/suppl_file/ac7b02494_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02494/suppl_file/ac7b02494_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02494/suppl_file/ac7b02494_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.7b02494
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.7b02494
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02494/suppl_file/ac7b02494_si_001.pdf
mailto:andrewe@chalmers.se
mailto:rborges@ull.es
http://orcid.org/0000-0001-9188-9893
http://orcid.org/0000-0002-2084-0133
http://dx.doi.org/10.1021/acs.analchem.7b02494


Swedish Research Council (VR), the National Institutes of
Health (USA), and the Spanish Ministry of Economiá y
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