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ABSTRACT

The energy carrying molecule adenosine triphosphate (ATP) has been implicated for
its role in modulation of chemical signaling for some time. Despite this, the precise
effects and mechanisms of action of ATP on secretory cells are not well known. Here,
bovine chromaffin cells have been used as a model system to study the effects of
extracellular ATP in combination with the catecholamine transmitter norepinephrine
(NE). Both transmitter storage and exocytotic release were quantified using
complementary amperometric techniques. Although incubation with NE alone did not
cause any changes to either transmitter storage or release, co-incubation with NE and
ATP resulted in a significant increase that was concentration dependent. To probe the
potential mechanisms of action, a slowly hydrolysable version of ATP, ATP-y-s, was
used either alone or together with NE. The result implicates two different behaviors of
ATP acting on both the purinergic auto-receptors and as a source of the energy needed
to load chromaffin cell vesicles.

INTRODUCTION

The tightly regulated process of exocytotic release of catecholamines
(dopamine, norepinephrine and epinephrine) has been extensively studied for some
time. This is understandable given the widespread presence and variation of cellular



signaling affected by catecholamines including, regulation of fine movements, mood,
memory and learning, and the flight-or-flight response. Exocytosis is initiated by a
signal causing elevated cytosolic calcium.! In turn, this initiates fusion between the
vesicular and plasma membranes, resulting in a pore exposing the lumen of the vesicle
to the extracellular space.? The previously dominant hypothesis that the majority of
vesicles completely collapsed into the plasma membrane and therefore released all of
the content is facing increasing amounts of contradictory evidence.? In fact, in several
cell types partial release of the transmitters and the subsequent recycling of the vesicle
is now thought to be the main pathway for exocytotic signaling. This opens the
possibility of exocytotic regulation at the single vesicle level, a feature seen by both
our group and others and that appears to be malleable after pharmacological
treatments.4-°

Another, yet related, aspect of exocytotic regulation occurs before transmitter
release itself. Naturally, the total amount of transmitters loaded and stored inside
vesicles can also provide a degree of regulation of the number of transmitters being
released. Vesicles secreting catecholamines, in particular large dense core vesicles
(LDCVs), are thought to contain high concentrations of transmitters perhaps as high
as 0.5-1 M in chromaffin cells, whereas cytosolic levels are in the micromolar
range.'®" To load the catecholamines across this substantial concentration gradient,
the membrane potential and acidic interior of the vesicle is utilized by the vesicular
monoamine transporter (VMAT).'? The acidification is in turn driven by a V-ATPase, a
crucial membrane protein present in all vesicles. V-ATPase uses adenosine
triphosphate (ATP) as an energy source, to pump H* into the vesicular lumen.'? Also,
the vesicular catecholamine content can be manipulated using the VMAT inhibitor
reserpine that significantly reduces the vesicular content and exocytotic response, or
by cell incubation with the dopamine precursor, L-DOPA, which has the opposite
effect.’3-15

In addition, proteins of the granin family are expressed in LDCVs and are known
to bind and condense catecholamines, a feature thought to be vital for the vesicle to
maintain osmolarity despite the large amounts of solutes inside.’®-'® By genetically
knocking out one or two of the main granins the amount of catecholamine released in
exocytosis was halved.'® Presumably this was due to the diminished loading capacity
of the vesicles, although the content of the vesicles themselves was not quantified.20-2!



Considering that even in the complete absence of granins, vesicles are still
capable of concentrating catecholamines, we performed a detailed study of the
colligative properties of intravesicular adenosine triphosphate (ATP) on the
accumulation of catecholamines both in vitro and in living chromaffin cells.??23 Using
this model, we have also shown that ATP enhances exocytotic release.?* ATP, which
is typically associated with the energetic metabolism of the cell, was added to the
extracellular media. The resulting release was interpreted as prolonging the fusion
pore opening time, leading to a larger amount of catecholamines released in each
event.?* Thus ATP appears to have multiple roles in the cellular machinery, one of
which is to act as a neuromodulator during exocytotic release.

In this paper, we have studied the effects of ATP on vesicular loading and
storage of transmitters as well as the interplay between ATP and norepinephrine (NE)
using two electrochemical techniques, single cell amperometry (SCA) to measure
exocytosis and intracellular vesicle impact electrochemical cytometry (IVIEC) to
measure vesicle content in single living cells. We have found that NE itself does not
increase vesicular content or the amount released, but combined extracellular
exposure to NE and ATP significantly increased the vesicular content in a
concentration dependent manner. This suggests that these two molecules work in
concert to facilitate transmitter storage. In contrast, exposure to the slowly hydrolysable
ATP-y-S simultaneously to NE does not have an effect on vesicle content further
suggesting a reliance of vesicle loading on the energy balance from ATP. Thus, our
data suggest that ATP can both enhance vesicular transmitter storage and exocytotic

release.

RESULTS AND DISCUSSION
Incubation with norepinephrine alone does not affect catecholamine storage in
chromaffin vesicles

After incubating cells for 30 min in a solution containing either 1.6 mM or 3.2
mM NE, we measured the exocytotic response using single cell amperometry with a
nanotip electrode as described in the Methods. Exocytosis was elicited through a 5-s
application of 2 mM Ba?*. Interestingly, no significant increase in the amount of
released catecholamine was detected at any of the concentrations used (Fig. 1A). To
confirm that NE did not change the vesicular content, the study was complemented
using IVIEC. As the electrode in IVIEC is inside the cytosol, in situ quantitative



measurement of the total catecholamine content is possible when vesicles break onto
the electrode surface and can be compared to the measured released amounts
assayed by conventional amperometry. To reduce experimental variance, both SCA
and IVIEC measurements were performed on cells in the same dishes. As seen in Fig.
1B, no significant changes were found in vesicular content after incubation with NE
alone. Extracellular NE does not appear to increase either the quantal release or the
vesicular content.

The uptake of NE by chromaffin cells is far less efficient than in sympathetic
nerve terminals probably as this mechanism of recycling catecholamines is not of
physiological interest for adrenal cells, whereas it is crucial in synapses.?® However,
short time incubations with large NE concentrations also failed to promote a significant
increase of catecholamine level in isolated chromaffin granules (Fig. S1). These results
are in contrast with early literature looking at uptake of [*H]-NE.?® In fact, to regulate
extracellular NE concentration, a NE transporter (NET) has been found in several cell
types including chromaffin cells.?” However, differences in culture conditions, and
foremost methodology, could explain this discrepancy. The major difference is that
early uptake studies were based on observing the [*H]-NE turnover in whole cell
populations, whereas we have carried out a direct quantal measurement in single
vesicles. It is therefore possible that NE is taken up into chromaffin cells, but does not
enhance the content inside LDCVs in the acute period examined.
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Fig 1. A) Released catecholamines as expressed by the number of molecules detected with
SCA. B) Stored catecholamines in LDCVs as detected with IVIEC. Neither was significantly



different after 30 min of incubation with NE at the concentrations specified. Means of medians
+ SEM, n >20 cells, Mann-Whitney two-tailed test.

Presence of ATP allows additional loading of NE into vesicles

As previously mentioned, catecholamines are loaded into LDCVs though the
VMAT. This active transport is dependent on the pH gradient across the vesicular
membrane driven by V-ATPase.?® Although the requirement of cytosolic ATP for
loading catecholamines into chromaffin granules has been well reported in the
literature, the role of extracellular ATP is still unknown. It should be highlighted here
that chromaffin cells store and release large concentrations of ATP.232° We incubated
cells with ATP and NE for 30 min. The ratio of ATP to NE (1:4) was decided based on
previous literature showing the ratio of both species in LDCVs.??3° Measurements of
quantal release and vesicular content were again assessed using SCA and IVIEC.

When exposed to both ATP and NE, cells released significantly larger amounts
of catecholamines (Fig. 2A). This effect was concentration-dependent and also
increased the total vesicular content (Fig. 2B). This effect was also observed for
isolated vesicles (Fig. S2). This indicates that the larger release of catecholamines is
driven by a larger vesicular cargo. An enhancement of catecholamine uptake in the
presence of ATP has been shown previously in PC12 cells where a concentration
dependent increase of both NE and dopamine uptake was observed, supporting the
results here.3'

Our group has successfully used the combination of SCA and IVIEC to estimate
the fraction of transmitter molecules released during exocytosis by comparing the
amount that is released to the total vesicular content of transmitters, in other words
estimate the degree of partially released vesicle cargo. In fact, several pharmacological
and chemical treatments such as cocaine, methylphenidate, lidocaine, zinc, and
DMSO have been shown to affect the release fraction making this parameter of
possible interest to study for regulation and plasticity in cellular communication.6-8-32
However, in the case of co-incubation with ATP and NE, the change in fraction
released is relatively small. For control cells, 61% of the vesicular content is released
(comparable to previous studies), compared to 64% and 53% released following
incubation with the lower and higher concentrations ATP and NE used, respectively.533
This result shows that the increase in released transmitter is due to a pre-existing
increase in vesicle content rather than a change in the fraction released.



Several amperometric peak parameters are known to correlate to steps in the
exocytotic release, but for ATP and NE incubation these are not significantly different
from control experiments (Fig. S3).3* This confirms that co-treatment using ATP and
NE does not alter the exocytotic mode nor its dynamics, but rather affects the signal
strength by enhancing the transmitter storage efficiency of vesicles. The similarity in
calculated percentages of released transmitters also supports this hypothesis.
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Fig 2. Co-incubation of ATP and norepinephrine for 30 min increase the transmitter release
(A) and content (B) in a concentration dependent manner. Means of medians + SEM, n >20
cells, Mann-Whitney two-tailed test with p-values indicated by * >0.0332, ** >0.0021, ****
<0.0001.

NE needs hydrolysable, energy providing ATP to load into vesicles

To further test how ATP could facilitate the loading of NE into vesicles, a
pharmacological approach was used. The ATP analog, ATP 5’-(y-thiotriphosphate)
(ATP-y-S), is known



to be slowly hydrolysable, effectively decreasing the potential energy provided to the

cell.35
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Fig 3. Pharmacological investigation using ATP-y-s reveals that the effect of ATP on
exocytosis (measured by SCA) is not dependent on the energetic abilities of ATP (A). On the
contrary, enhanced loading (as measured by IVIEC) into the vesicles is dependent on
hydrolysable ATP and is thereby limited when using ATP-y-s (B). Means of medians + SEM,

n> 11 cells, Mann-Whitney two-tailed test with p-values indicated in the graphs.

ATP-y-S can stimulate P2X> receptors with similar affinity to ATP.3¢ This analog was
added to the extracellular medium either alone or together with NE for 30 min before
amperometric measurements. When measuring the released number of transmitters
using SCA, both incubation with ATP-y-S alone and ATP-y-S combined with NE
increased the number of molecules released during exocytosis, although only ATP-y-
S and NE together makes a significant difference at the 95 % confidence limit (Fig.
3A). In contrast, the vesicular content as measured by IVIEC is not significantly
different for either treatment (Fig. 3B).

These different effects of ATP-y-S can be used to dissect the two main
mechanisms involved in NE accumulation and secretion, the purinergic auto-receptor
activation which is common to ATP and ATP-y-S and the energy-driven (i.e. V-ATPase)
process that is solely activated by the natural ATP form. ATP and analogues such as
ATP-y-S appear to exert effects on the plasma membrane receptors that would

influence the fusion pore and thus mainly cause changes in the exocytotic release



process. In the end, however, additional NE is needed for ATP to increase the content

of messengers stored in each vesicle.

CONCLUSIONS

We have described here novel mechanisms of quantum size regulation caused by
ATP. We have shown that NE transport into secretory vesicles can be directly
increased by a double mechanism compatible with the activation of purinergic
receptors and by V-ATPase hyperactivation. When combined, extracellular exposure
of NE and ATP results in an increase in the vesicular content of catecholamine,
indicating that these two molecules work in concert to facilitate transmitter storage.
This increase is dependent on the energy providing capabilities of ATP added with NE,
and thus the slowly hydrolysable ATP-y-S does not have a significant effect on vesicle
content. Interestingly, ATP-y-S has a similar enhancing effect on exocytotic release to
ATP on intact cells. This could result from the function of ATP-y-S as a purinergic
receptor agonist. Given the long evolutionary history of ATP across all forms of life, it
is not surprising that this basic molecule has different effects and acts in several roles
for cellular communication making ATP a highly interesting molecule to study in
relation to regulation of the exocytotic process.

METHODS

Chemicals and solutions
All reagents were obtained from Sigma-Aldrich, unless otherwise stated. Locke’s stock
buffer contained NaCl (1540 mM), KCI (56 mM), NaHCO, (36 mM), glucose (56 mM),

and HEPES (50 mM) and 1% (v/v) penicillin, pH 7.4. This stock solution was diluted
10x with distilled water the day before the experiment and used for gland storage and
rinsing the adrenal gland vein. Ca”" free isotonic solution: NaCl (154 mM), KCI (4.2
mM), MgClo-:6H20 (0.7 mM) , glucose (11.2 mM), HEPES (10 mM), pH 7.4. Barium
stimulation solution: BaCl, (2mM), MgCl, (0.7 mM) in diluted Locke’s buffer, pH 7.4.

Collagenase P (from Clostridium histolyticum) was obtained from Roche, Sweden. Cell
culture medium: DMEM:Ham’s F12 1:1 supplemented with 10% (v/v) fetal bovine
serum, 1% (v/v) penicillin, 1% (v/v) cytosine B-D-arabinofuranoside, 0.1% (v/v) 5-fuoro-
2'-deoxyuridine. Homogenizing buffer: sucrose (230 mM), EDTA (1mM), MgSO,



(1mM), HEPES (10 mM), KCI (10 mM), cOmplete enzyme inhibitor (Roche, Sweden),
DNase | (10 pg/ mL) (Roche), 0.001 oligomycin, pH 7.4, ~310 mOsm.

Cell Isolation

Bovine adrenal glands were obtained from a local slaughterhouse, and transported in
cold Locke’s buffer. The chromaffin cells were isolated as previously described.?’
Briefly, after sterilizing the glands with a 70% solution of ethanol, fat and connective
tissue were trimmed away. Blood cells were cleared by rinsing the veins with Locke’s
buffer. The medulla was isolated after digesting the gland with collagenase P (0.2%,
Roche, Sweden) treatment. Digested medulla was filtered over steel sieves and diluted
with Locke’s buffer to reduce the activity of collagenase P. The cells were pelleted at
300 g for 10 min at room temperature and the pellet obtained was resuspended in
Locke’s buffer and filtered over a sterile 100 um nylon mesh. The chromaffin cell
suspension was mixed with sterile Percoll/Locke’s buffer (10:1) and centrifuged at 18
600 g (Avanti J- 20XP) for 20 min at room temperature. The top layer of the density
gradient was collected and filtered over 100 um nylon mesh. Again, the cell suspension
was diluted with Locke’s buffer and centrifuged at 300g for 10 min at room temperature
to exclude Percoll. About 500 000 cells were seeded on 60 mm collagen (V) coated
plastic dishes (Corning Biocoat, VWR, Sweden) and maintained in a humidified
incubator at 37 °C, 5% CO2 for a maximum of 3 days prior to experiments.

Single-cell experiments

In order to detect and quantify both the number of transmitters released and stored
inside vesicles, the electrochemical technique amperometry was used.
Electrochemical recordings from single cells were performed on an inverted
microscope (Olympus), in a Faraday cage. The working electrode was held at + 700
mV versus an Ag/AgCl reference electrode by using an Axon 200B potentiostat
(Molecular Devices, Sunnyvale, CA). Nanotip carbon fiber electrodes were prepared
as previously described.® Briefly, a 5 ym carbon fiber was aspirated into a borosilicate
capillary (1.2 mm o.d., 0.69 mm i.d., Sutter Instrument Co., Novato, CA) and pulled in
half. The exposed carbon fiber at the end of the capillary was cut to a length of 100-
150 um and then flame etched in a butane burner to create a sharp, conical tip with a
tip diameter of ~100 nm. Nanotip electrodes were sealed using epoxy (Epo-Tek,



Billerica, MA) followed by a 10 s acetone wash to clean the fiber from epoxy. Before
experiments, electrodes were tested in a 100 uM solution of dopamine using cyclic
voltammetry, and only electrodes with diffusion limited steady-state current and low
charging current were used. To measure the amount of transmitters released from a
cell, the electrode was placed in close vicinity of the plasma membrane in a technique
known as single cell amperometry. Upon stimulation, vesicles release transmitters
through the fusion pore and these are detected as a current spike. By integrating the
area under the spike, the measured charge can be related to the number of
transmitters detected through Faraday’s law.3 A similar principle was applied quantify
the catecholamine content of vesicles inside the cell. In the technique known as
intracellular vesicular electrochemical cytometry, the nanotip electrode is carefully
placed inside a cell by piercing the plasma membrane. However, instead of using
stimulation to initiate exocytosis, the electrode is simply left in contact with the cytosol
to allow vesicles to diffuse and eventually attach to the electrode surface. Due to the
applied potential, some vesicles will electroporate and the transmitter content will be
oxidized and measured through a similar spike as for SCA.533

Data Acquisition and Analysis

Current transients were recorded and digitized using a Digidata1440A (Molecular
Devices) and digitized at 10 kHz and filtered at 2 kHz using a 4-pole Bessel filter. The
data were converted in Matlab (The MathWorks, Inc.) and processed in an IgorPro
6.22 routine originating from David Sulzer’s group (Columbia University). The detection
limit was set to 5 x RMS of the noise measured from the initial baseline in each
measurement. In addition, traces were manually checked for potential false detections
done by the software. Spike characteristics were determined as number of molecules

based on the charge measured in each spike, the rise time, t___, which was defined as

rise’
the time separating 25% of the maximum from 75% of the maximum on the ascending

part of the spike; the half peak width t, ., which was defined as the width of the

1/2°

exocytotic peak at half of its magnitude; the fall time, t._ , which was defined as the time

fall’
separating 75% of the maximum from 25% of the maximum on the descending part of
the spike. The medians from all cells were pooled, and groups were statistically
analyzed using Prism 7 (GraphPad, La Jolla, CA) with an unpaired two-tailed
Mann-Whitney rank sum test due to non-normal distributions.
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