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Abstract

Homeostasis of dopamine, a classical neurotransmitter, is a key indicator of neuronal health. Dysfunction in the
regulation of dopamine is implicated in a long list of neurological disorders, including addiction, depression, and
neurodegeneration. The existing methods used to evaluate dopamine homeostasis in vitro are inconvenient and do
not allow for continuous non-destructive measurement. In response to this challenge, we introduce an integrated
microfluidic system that combines dopaminergic cell culture and differentiation with electroanalytical measurements
of extracellular dopamine in real-time at any point during an assay. We used the system to examine the behavior of
differentiated SH-SY5Y cells upon exposure to four dopamine transporter ant/agonists (cocaine, ketamine,
epigallocatechin gallate, and amphetamine) and study their pharmacokinetics. The 1Csq values of cocaine, ketamine,
and epigallocatechin gallate were determined to be (average + standard deviation) 3.7 + 1.1 uM, 514+ 17.9 uM, and
2.6+ 0.8 pM, respectively. Furthermore, we used the new system to study amphetamine-mediated dopamine release
to probe the related phenomena of dopamine transporter-mediated reverse-transport and dopamine release from
vesicles. We propose that this platform, which is the first platform to simultaneously evaluate uptake and release, could
be useful to screen for drugs and other agents that target dopaminergic neurons and the function of the dopamine
transporter. More broadly, this platform should be adaptable for any application that could benefit from high-temporal
resolution electroanalysis combined with multi-day cell culture using small numbers of cells.

Introduction

The maintenance of dopamine (DA) homeostasis in the
nervous system is critically important as DA overexposure
can lead to excitotoxicity and neuron death'. The com-
plex mechanisms that maintain DA homeostasis include a
delicate balance between intracellular processes, such as
DA synthesis, vesicle packing and degradation, and inter/
extra cellular processes, such as the release and uptake of
DA? This paper focuses primarily on the latter. The
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membrane-bound dopamine transporter (DAT), which
actively uptakes extracellular dopamine from the extra-
cellular milieu, is a key player in inter/extracellular DA
homeostasis®. Thus, DAT dysfunction and the loss of DA
homeostasis (caused by DAT binding to misformed par-
kin* or a-synuclein® or DAT-modulation by agonists such
as cocaine®) are associated with debilitating disorders,
such as addiction” and Parkinson’s disease®.

Our understanding of DA homeostasis is based on
evaluations of both individual neurons’ ' and bulk cell
samples'” (i.e., tissue slices or large numbers of cultured
cells). Single-cell studies, which rely on finely tuned sys-
tems combining high-resolution imaging, sub-micron
XYZ-manipulators, and pulled-pipette-encased DA-sen-
sors, are useful for resolving individual exocytotic
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events'”!!, permitting the assessment of the fundamental

unit of neurotransmission. Bulk cell studies are useful
because of the ability to apply rigorous experimental
controls, enabling the determination and comparison of
the kinetics of ant/agonists on DAT and other DA
homeostasis-regulators. Bulk cell studies can be sub-
divided into studies relying on direct methods'* (in which
labeled DA is quantified in cell lysate after uptake) or
indirect methods'® (in which extracellular DA is quanti-
fied before and after uptake). The readout of the former is
often a scintillation counter, while the latter typically
involves immunoassays implemented in a well plate.
These techniques are tedious, incapable of real-time
analysis and subject to experimental bias because of the
susceptibility of DA to auto-oxidation'*, Thus, research-
ers who study DA regulation are in need of new tools that
allow for robust, real-time measurements of DA uptake in
a format that is compatible with repeatable controlled
studies.

In response to the challenge described above, we
developed an automated digital microfluidic (DMF) plat-
form that integrates in vitro cell culture’>'® with elec-
trochemical analysis'”'®, We recently described an initial
solution to this problem'?, i.e., a microfluidic device that
includes (1) a cell-culture module designed for multi-day
dopaminergic neuron culture and (2) a quantitative
amperometric DA sensor (“e-sensor”) module. A key
limitation to this previous method'? is its modular nature,
i.e, droplets of culture medium are shuttled between the
two modules, rendering continuous measurements
impossible. Here, we introduce a substantially improved
system that allows for multi-day cell culture and differ-
entiation with real-time continuous measurements of DA
uptake. Critically, the new system allows for the mea-
surement of the net DA uptake and release (as a proxy for
DA homeostasis) in a time-resolved manner. We propose
that future generations of this system could be useful for
screening libraries of reagents to identify potential new
drugs and/or therapeutic targets for DA (or other elec-
troactive neurotransmitter) dysregulation disorders.

Results and discussion
Microfluidic system for cell culture and continuous DA
uptake measurements

The goal for this work was to develop a method that
allows for continuous, time-resolved measurements of DA
homeostasis in  dopaminergic cells. Numerous
microchannel-based microfluidic platforms have been
used to evaluate neurotransmitter release from neuronal
cells®>*!, but these platforms have not been applied to this
problem; moreover, we are unaware of any system that is
capable of evaluating both neurotransmitter uptake and
release. The closest system was our previous method'®,
which had separate modules for (a) cell culture and (b)
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DA electroanalysis. Here, we sought to combine (a) and
(b) into a single, integrated unit known as a “cell-culture/
electroanalytical sensor” (or “c-e-sensor”) that allows for
the continuous monitoring of DA homeostasis.

The system introduced here is shown in Fig. 1. Figure 1a
illustrates the assembly of a DMF top plate bearing four e-
sensors with a standard DMF bottom plate. The DMF top
plate was patterned into the following five distinct
regions: (1) a large irregularly shaped indium tin-oxide
(ITO) region coated with hydrophobic Teflon AF acting
as the DMF counter electrode and (2) four circular 2 mm
diameter hydrophilic Teflon AF liftoff spots bearing the c-
e-sensors. Figure 1b shows a magnified illustration of a
single c-e-sensor, i.e., a two-electrode system comprising
an ITO working electrode (WE, red) and an ITO counter/
pseudoreference electrode (CE/RE, blue). Externally, this
electroanalytical cell is linked to a home-built, open-
source potentiostat® that interfaces directly with a home-
built, open-source DMF automation system®, In our
previous work'®, we established two criteria required for
enhancing the WE stability and sensitivity for DA mea-
surements. First, to enhance stability and minimize the
voltage drift, the area of the WE must be at least
10xsmaller than the area of the CE/RE. Second, to
enhance sensitivity, the WE-CE/RE interface should be
long, which is a strategy that has been widely applied in
micro-band electrode systems>*. The c-e-sensor used here
was designed based on our previous design'®, and the WE
and CE/RE areas were 1.19 and 11.9 mm?, respectively.
Additionally, a star-shaped WE was used, and the total
perimeter (defined as the length of the interface between
WE and CE/RE) was 11.85 mm.

Figure 1c provides a side-view schematic of an assem-
bled DMF device with a droplet on a single c-e-sensor. In
an assembled DMF device, the droplets are manipulated
across an open surface via electrostatic forces generated
between the DMF actuation electrodes (black) on the
bottom plate and the DMF counter electrode (light blue)
on the top plate. Figure 1d illustrates how the device is
used in practice. As previously described, when a dro-
plet is driven across a hydrophilic site on a surface that is
otherwise hydrophobic, a sub-droplet (known as a “virtual
microwell” or VM) is spontaneously formed on the site via
a process known as passive dispensing. In the example
shown in Fig. 1d, a 1.2 uL droplet is driven across a c-e-
sensor, forming a 470 uL. VM; subsequently, the contents
of the VM are exchanged. It has been previously shown'?
that 2-3 passive dispensing steps are sufficient to com-
pletely remove any traces of analytes in the original
solution from the VM. In practice, SH-SY5Y cells were
seeded, cultured, and differentiated on c-e-sensors as
described in the supplementary information, and then,
DMF and passive dispensing were used to automate all
experiments described below.
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Fig. 1 DMF device for dopaminergic cell culture with integrated c-e-sensor for the continuous measurement of DA uptake. a Isometric-view
schematic of DMF top plate over a DMF bottom plate (black arrows indicate how the two plates are assembled). The conductive ITO of the top plate
is patterned into four c-e-sensors, each bearing a working (WE, red) and counter/pseudoreference (CE/RE, blue) electrode. The remainder of the top
plate contains one large, irregular DMF counter-electrode. b Top-view cartoon of a c-e-sensor denoting the WE and CE/RE. ¢ Side-view schematic of
an assembled DMF device bearing a droplet positioned on the e-sensor. Notably, the entire c-e-sensor (including both the WE and CE/RE) is coated
with a layer of poly-d-lysine (green) to promote neuron attachment. d Frames from a movie illustrating basic droplet movement and passive

dispensing on DMF. The open black circle indicates the position of the c-e-sensor. i-ii A droplet of liquid 1 (red food coloring dye dissolved in PBS) is
dispensed from a reservoir electrode on the right and actuated across the c-e-sensor, passively dispensing a VM onto it. iii-iv A droplet of liquid 2
(green food coloring dye dissolved in PBS) is dispensed from a second reservoir and driven across the c-e-sensor to displace liquid 1, filling the VM

The new system described above (Fig. 1) integrates cell
culture and electroanalysis onto the same surface to
enable continuous measurements in cultured cells. The
following are two critical questions regarding this type of
system: does the integration adversely affect cell health
and differentiation? Does the integration adversely affect
the electroanalytical measurement?

We probed the first question via a series of experiments
by subjecting SH-SY5Y cells to daily measurements with
differential pulse voltammetry (DPV; parameters chosen
to mimic those used in DA uptake experiments as
described below) at various stages of differentiation. As
shown in Fig. 2a, SH-SY5Y cells grown on c-e-sensors
exhibit the predicted phenotype. Day-0 cells display faint,
short, and thin processes consistent with an immature

neuron phenotype, while day—3 and —6 cells exhibit a
phenotype that is more consistent with that of mature
neurons (i.e., thicker and longer neurites expressing BIII-
tubulin). To assess the effect of electroanalysis, cells at
varying stages of differentiation were interrogated daily
with DPV; then, 150 randomly chosen neurons across 10
e-sensors from 3 top plates were evaluated by microscopy.
The average neurite lengths in these cells were compared
to those in neurons grown on c-e-sensors that were not
‘measured.” As shown in Fig. 2b, the neurite lengths of the
differentiating SH-SY5Y cells that were subjected to daily
DPV measurements did not significantly differ from their
un-measured counterparts (p = 0.9675). While this is not
a comprehensive measure of cell health and fitness, the
neurite length is a sensitive marker of the neuron
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Fig. 2 Effect of electroanalysis measurements on SH-SY5Y
health and differentiation in cells cultured on c-e-sensors.

a Representative fluorescence images on days 0, 3 and 6 of
differentiation in SH-SY5Y cells labeled with Blll-tubulin (green)
cultured on an electroanalytical sensor. Scale bar is 50 um. b Plot of
neurite lengths in SH-SY5Y cells grown and differentiated on c-e-
sensors with (green circles) and without (purple squares) exposure to
daily electroanalytical measurements (5 differential pulse
voltammograms, scanning from 0 to 0.9V at 50 mV/s). Error bars
represent+ 1 S.D. N= 150 cells were selected randomly from 10 c-e-
sensors on 3 top plates

phenotype”®, and these results suggest (at least) that daily
electrochemical measurements do not impede SH-SY5Y
differentiation into a neuron-like phenotype. Notably, this
outcome is not surprising as the voltage used and the
current generated by the DPV measurements described
here are low, with the maximum voltage never exceeding
0.9V and current consistently below 400 nA. For com-
parison, most electrophysiology experiments are per-
formed in the range of 2-5V and/or above 10 uA*’.
After confirming that the protocol of repeated daily
DPV measurements did not result in an obvious impact
on SH-SY5Y differentiation, we focused our attention on
the potential effects of cells on the electrochemical DA
measurements. It is well known that voltammetric ana-
lysis sensitivity depends on the total active WE surface
area exposed to the sample**. In our previous work using
separate modules for cell culture and electroanalysis, the
electrodes were completely unobstructed (i.e., the cells
were cultured elsewhere). However, in the current system,
the WE is (by necessity) partially covered by growing cells,
which could reduce the active WE surface area. To
determine the effect of cells covering the WE on the signal
measured by the c-e-sensor, we loaded SH-SY5Y cells at
different densities and measured the DPV signal observed
from a 1-uM solution of DA at 20 Hz (mimicking an
uptake experiment as described below). Confocal
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Fig. 3 Effect of SH-SY5Y cells on the electroanalytical
performance of the c-e-sensor. Representative confocal
fluorescence images of SH-SY5Y cells seeded at (a) 200, (b) 1000,

(€) 2500, and (d) 5000 cells/c-e-sensor. The cells were differentiated for
6 days and then fixed and stained for Blil-tubulin (white). The WEs are
indicated in dark red, and the scale bar is 500 um. e Bar graph
comparing the DPV signal measured from a droplet of 1 uM DA on c-
e-sensors seeded with varying numbers of cells binned according to
the % WE occlusion. The left-most bar (black) represents bare
electrodes not seeded with cells; the bars on the right (shades of grey)
represent bins generated from cells seeded on c-e-sensors in varying
densities (as shown in panels a—d). Error bars represent+1SD. N=6
(0%), N=5 (0-3%), N=7 (3-6%), and N =7 (6-9%). In the 9 + % bin,
N=1

fluorescence images of the cells were also obtained
(Fig. 3a-d) and used to calculate the “fractional coverage”
value, which represented the surface area of the WE
covered by the SH-SY5Y cells. These images were binned
according to the fractional coverage in sets of 0% (control
with no cells), 0-3, 3—-6, 6-9, and 9+%. As shown, there is
no significant difference between the no-cell control and
all the occlusion conditions (one-way ANOVA, p = 0.86).
This finding suggests that in cases with up to 9% occlu-
sion of the WE with cells, the error in the signal measured
by the c-e-sensor is not caused by cell-occlusion-related
changes in the WE area. Since all DA-uptake experiments
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described below had a WE occlusion <4%, we are con-
fident that the measured signals were not observably
affected by the presence of cells on the c-e-sensors.

We propose that the observed (non-)effect of the cells
adhered to the electroanalysis electrodes on the DPV
measurements is not surprising. At the frequencies used
here (20 Hz), the conductivity of the medium dominates
the circuit relative to the small amount of occlusion
caused by the sparsely populated cells. In fact, in similar
systems, the presence of cells grown on electroanalytical
electrodes has been observed to effect measurements
only when the frequency of the applied voltage is high®®
(>1kHz). These types of high-frequency measurements
are useful for impedimetric analyses of the cell shape, size,
and viability”® (and have even been used in DMF sys-
tems®’) but are quite different from the low-frequency
DPV analysis employed here.

DA uptake in SH-SY5Y cells

After demonstrating that growing cells on the surface of
the c-e-sensor electrodes do not negatively affect the
electroanalytical measurements and vice versa, we eval-
uated the utility of the system for DA uptake experiments.
In our previous systemlg, we used cyclic voltammetry to
quantify DA. While cyclic voltammetry is an effective
method for this purpose, it is susceptible to voltage drift
and is influenced by the charging current®. Thus, in the
system reported here, we chose to explore the use of
differential pulse voltammetry (DPV), which corrects for
both susceptibilities®’. Figure 4a shows representative
differential pulse voltammograms of DA at different
concentrations in phosphate buffered saline (PBS) recor-
ded using the system with the singular peak at 0.5 V. This
peak potential differs from that in other reported elec-
troanalytical studies of DA primarily because of the dif-
ference in the electrode setup and material (ie, a 2-
electrode ITO vs ITO setup here, 3-electrode Carbon
fiber vs Ag/AgCl in the other studies®). As shown in
Fig. 4b, the DPV signal recorded at 0.5V is linear with
respect to the increasing DA concentration (y=
0.00042 x +0.00113, R*=0.9934), and the limit of
detection is 11.6 nM.

As a first test of the new system, we applied it to eval-
uate DA uptake over the course of the 6-day SH-SY5Y
differentiation process. In these experiments, the cells
were periodically removed from the incubator and
exposed to a droplet of 1 pM DA, and uptake was mea-
sured after 10 min. As shown in Fig. 5a, immature (day-0)
SH-SY5Y cells do not significantly interact with extra-
cellular DA, but these cells progressively become sensitive
to DA on days 2-4, and a relatively stable amount of
uptake is observed on days 5-6. This trend matches the
results obtained using our previous method'” in which the
concentration of measured extracellular DA is statistically
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Fig. 4 Characterization of DPV measurement of extracellular DA
concentration on the c-e-sensor. a Representative differential pulse
voltammograms of DA at 1 uM (black), 500 nM (red), 100 nM (blue),
50 nM (cyan), 10 nM (pink), and 0 nM (1 x PBS solution, brown). The
inset shows a magnified view of the lowest three concentrations (50,
10, and 0 nM). b Calibration curve generated by measuring the
currents at 0.5V with standards ranging from 0 nM to 1 uM DA. Error
bars represent + 1 S.D. N =3 per condition. The limit of detection
(defined as the concentration corresponding to the blank signal
plus 3 x the standard deviation of the blank) was determined to be
11.6nM

unchanged before/after exposure to immature SH-SY5Y
cells or other non-dopaminergic cells. Stated another way:
reductions in extracellular DA are only observed after
exposure to differentiated SH-SY5Y cells, which increases
our confidence that this phenomenon is a result of DA
uptake (and not auto-oxidation or adsorbance onto the
device surfaces) and is likely a consequence of DAT
activity in the cell membrane'?. Day-6 differentiated cells
were used in all experiments reported below.

Next, we focused on the most unique and important
feature of the new method relative to previously reported
methods'?, i.e., the capacity to perform uptake measure-
ments in situ with high time resolution. Figure 5b
demonstrates the monitoring of DA uptake by differ-
entiated SH-SY5Y cells immediately after dosing with a
droplet of 1 pM DA. In these experiments, the measure-
ments were obtained every 2min (which was deemed
sufficient for the observed kinetics), but because the cells
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Fig. 5 Application of DMF and c-e-sensors for electroanalytical
measurements of DA uptake. a DA uptake (red circles) with sigmoid
fit (black curve) recorded every 24 h from SH-SY5Y cells cultured on c-
e-sensors during differentiation. Each measurement was performed
after a 10-min incubation with 1.0 uM DA. Error bars represent + 1 S.D.
N =15 cell-laden c-e-sensors. b Continuous measurements of DA
uptake (black circles) with sigmoid fit (blue curve) in day-6
differentiated SH-SY5Y neurons incubated with 1.0 uM DA. Error bars
represent+ 1 S.D. N=12 cell-laden c-e-sensors. ¢ DA uptake (green
circles) with Hill-equation fit (black curve) in day-6 differentiated SH-
SY5Y neurons after incubation with 0.015, 0.03125, 0.0625, 0.125, 0.25,
0.5, or 1.0 uM DA for 10 min. Error bars represent+1S.D. N =3 cell-
laden c-e-sensors. Parameters extracted from the curve include

Vinax =786+ 06 nM, K,=86.0+196nM, and n=16+06

and electroanalytical electrodes are co-located, the mea-
surements can be obtained at any frequency dictated by
the application (e.g., in the other experiments, as descri-
bed below, the measurements were performed every 30 s).

Page 6 of 13

This method proved particularly useful for evaluating the
effects of DAT inhibitors (see below).

Finally, we evaluated cells exposed to DA at different
concentrations (after 10-min incubation) to examine the
kinetics of DA uptake. Figure 5c shows a Hill curve of DA
uptake with a maximal uptake rate V., =78.6 + 0.6 nM
and an initial concentration of DA required for half-
maximal uptake K, =86.0+19.6 nM. We chose a Hill-
equation fit rather than the Michaelis-Menten fit (which
has previously been used for DA uptake'?) because DA
uptake does not follow traditional first order enzyme
kinetics*>?%, Specifically, DAT is known to form tetramers
(dimers of dimers) on the cell membrane, suggesting that
allosteric modulation occurs between each individual
DAT subunit in the complex’***, This notion is sup-
ported by the Hill-equation fit reported here (R°=
0.9687), which has a cooperativity of n = 1.6 £ 0.6 (ave. £
S.D., N=3).

The data shown in Fig. 5 is qualitatively consistent with
previous reports with some differences in quantities. For
example, the V.. was calculated to be equivalent to
201 £24 pmol DA uptake/mg of cellular protein (see
supplementary information for details); this value is
approximately 6 x higher than that previously reported in
SH-SY5Y cells using alternate methods'>. We attribute
this discordance to differences in the experimental pro-
tocol, including (1) the use of indirect electrochemical
determination in the media (here) instead of direct
radiometric analysis of [’H]DA in the cell lysate'?, (2) the
rapid nature of the new method (which should limit the
amount of DA oxidation) and (3) the integrated nature of
the new method, which should limit the amount of DA
loss to non-specific adsorption in multiple transfers
among plates, tubes, and pipettes. Notably, a recent survey
investigating DAT-mediated DA uptake in SH-SY5Y cells
and other model systems®® suggests that there are wide
variances reported for V... and other parameters,
underscoring the need for standardized tools that can be
replicated in different settings. We propose that the
methods described here, which were implemented using
open-source instrumention”?* (and are freely available to
anyone who wishes to use these methods), represent a
useful step toward this goal.

Continuous DA uptake measurements with DAT ant/
agonists

After validating the c-e-sensor for DA uptake mea-
surements, we applied the new platform to pilot screen
three drugs [cocaine, ketamine, and amphetamine
(AMPH)] and a nutraceutical [epigallocatechin-3-gallate
(EGCQG), extracted from green tea] that have been
reported to disrupt DA homeostasis. Three of the four
agents (coca\ine35 , EGCG®®, and ketamine37) are known
DA uptake inhibitors, while AMPH?® is an agonist of DA
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secretion. The screening involved the co-incubation of the
four compounds (at various concentrations) with DA on
differentiated SH-SY5Y cells with continuous electro-
analytical monitoring to evaluate the effects of each agent
on DA uptake.

Cocaine is commonly used as a positive control in
DAT-inhibition assays and has been widely studied

because of its addictive nature®. Pharmacologically,
cocaine acts as a competitive inhibitor that binds and
locks DAT in a non-functioning isoform™. Figure 6ai
shows aggregate data collected from time-course experi-
ments using a range of cocaine concentrations, and
Figure 6aii shows the dose-response curve over a 10-min

incubation (R*=0.9903). As expected, at low
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concentrations of cocaine, SH-SY5Y neurons uptake DA
(as indicated in Fig. 5), but at high concentrations, the
uptake is completely inhibited. Based on these data, the
ICs0 was found to be 3.7 £ 1.1 uM (ave. £ S.D. for cells on
12 different c-e-sensors), which is consistent with the low
micromolar ICs, values previously reported for cocaine™.
Ketamine is commonly used to induce and maintain
general anesthesia;*' similar to cocaine, ketamine is
addictive at high dosages and has the ability to address
treatment-resistant depression, implying that it also
interacts with DA homeostasis®”*'. Figure 6bi shows the
aggregate response, and Figure 6bii shows the dose-
response curve of ketamine (R*=0.9530) with ICs,=
514+ 179 uM (ave.+S.D. for cells on 9 different c-e-
sensors). This higher ICs, value (relative to that of
cocaine) is consistent with findings indicating that a high
ketamine concentration (in the order of 100 uM) is nee-
ded to decrease DA uptake in primary brain slices®.
EGCG is a non-pharmaceutical DAT inhibitor®® that has
been studied as a potential source of the reputed health
benefits of green tea®>. While the mechanism by which
EGCG inhibits DAT is unknown, one hypothesis is that
EGCG molecules form a complex with DAT, causing the
complex to internalize, where it can no longer uptake
DA, Figure 6¢ci shows the aggregate response, and
Figure 6cii shows the dose-response curve of EGCG (R*
= 0.9959) with IC50 = 2.6 £ 0.8 uM (ave. = S.D. for cells on
12 different c-e-sensors). The IC5y of EGCG determined
here is consistent with previous reports of the inhibition
of DA uptake when incubating DAT-PC12 cells with
EGCG concentrations ranging from 1-100 uM>.

After evaluating the DA uptake inhibitors, we focused
our attention on evaluating the effects of AMPH, which is
a known agonist of cellular DA release®®. Notably, the
ability to simultaneously monitor all aspects of DA
homeostasis (including uptake and release) is a unique
feature of this “indirect” label-free method that is not
possible for the more common “direct” methods'* (which
can only detect uptake as labeled analyte in the cell lysate).
Figure 7a shows the aggregate data obtained from the
time-course experiments using a range of concentrations
of AMPH. As expected, at low AMPH concentrations,
SH-SY5Y neurons uptake DA, whereas at high AMPH
concentrations, the “uptake” value is negative, indicating
the release of biogenic DA. This phenomenon is shown in
more detail in the time-course plot in Fig. 7b. Cells
exposed to DA only (blue squares) uptake the neuro-
transmitter relatively slowly and plateau after 6 min of
incubation (similar to the data shown in Fig. 5b), while
cells exposed to DA and 10 uyM AMPH (green circles)
release DA quickly and plateau after less than 2 min of
incubation. The amount of DA released is approximately
131 £ 16 nM (ave. = S.D.), which is equivalent to 334 + 51
pmol DA per mg protein. This finding is consistent with
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previous studies investigating dopaminergic tissues from
rodent brains, in which DA bioavailability for release
ranges from ~5 to 225 ng DA per mg protein (equivalent
to ~30 to 1500 pmol DA per mg protein)*>**, Figure 7c
highlights the full range of DA homeostasis (after 10 min
of incubation with extracellular DA) from uptake to
release.

Finally, we used the new tool to probe the mechanism of
AMPH-mediated DA release. AMPH is known to (1)
reverse the direction of DAT such that unpackaged
intracellular DA flows into the synapse38’45, and has
also been shown to (2) promote the release of vesicle-
packaged DA*"*, Mechanism (1) is the canonical
understanding of the effect of AMPH on DA homeostasis;
mechanism (2) is somewhat controversial. We hypothe-
sized that it could be possible to investigate the con-
tributions of both mechanisms by pre-treating the cells
with cocaine [which should inhibit mechanism (1)]*’ prior
to stimulating DA release with AMPH. Figure 7d shows
two DA release curves for day-6 differentiated SH-SY5Y
neurons. At time £= 1 min, neurons pre-incubated with
100 puM cocaine (green circles) released 76.9 + 6.8 nM DA
(ave. £ S.D.) into the extracellular space; this amount
significantly differs (p =0.0024) from that released by
neurons not pre-incubated with cocaine (blue squares),
which released 94.8 + 9.7 nM. This result may imply that
~20% of biogenic DA is released by the DAT-mediated
reverse transport mechanism (1), while ~80% of biogenic
DA is released by mechanism (2). However, this impli-
cation is speculative as there are other potential
mechanisms that might contribute to the observed results.
For example, under some circumstances, AMPH has been
reported to (3) deplete DA from intracellular vesicles®
and (4) induce DAT trafficking to the cell membrane;®
we propose that the rapid timing of the effects observed
here makes these mechanisms less likely. In addition,
under other circumstances, cocaine has been reported to
enhance exocytotic DA release, contributing to AMPH-
mechanism (2), which might explain the slight negative
DA “uptake” observed for high concentrations of cocaine
in Figure 6aii. Finally, the norepinephrine transporter
(NET) can also contribute to DA transport, which may
further complicate the interpretation of the data shown in
Fig. 7d.

Clearly, more studies are needed, and we propose that
the technique described here, which is the first (to our
knowledge) to be able to continuously monitor the net
effect of uptake and release, could be a boon for
researchers probing the complexities of neurotransmitter
homeostasis.

Conclusion
In summary, we described the only microfluidic system
that we are aware of that integrates continuous real-time
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Fig. 7 Application of DMF and c-e-sensors to screen for the effect of AMPH on DA homeostasis. a Three-dimensional (3D) surface-curve of
extracellular DA measured relative to the AMPH concentration and incubation time of day-6 differentiated SH-SY5Y neurons incubated with a unit
droplet containing 1.0 uM DA, plus 0, 0.1, 0.5, 1.0, 5.0, or 10 uM AMPH in 1 x PBS for 10 min. A heat-map from red to dark blue indicates the conditions
under which DA uptake or release is observed. b Continuous measurements of DA uptake from the data shown in a in cells incubated with 0 uM
(blue) or 10 uM (green) AMPH in 1 x PBS with sigmoid fits (black lines). ¢ Dose-response slice (data in green circles with black-line sigmoid fits)
from the data shown in a obtained after 10 min of incubation. Error bars in (b, ¢) represent+ 1 S.D. N= 12 cell-laden c-e-sensors per condition.
d Comparison of day-6 differentiated SH-SY5Y neurons that have been pre-incubated for 10 min with (green circles) or without (blue squares) 100 uM
cocaine with sigmoid fits (black lines); error bars represent + 1 S.D. N = 9 cell-laden c-e-sensors per condition. After the pre-incubation, the cells were
incubated with 1.0 uM DA 4+ 10 uM AMPH in 1x PBS. The black arrow represents the time AMPH was introduced to the neurons. The double star
represents a significant difference (p = 0.0024) between the extracellular DA concentrations between the two conditions measured after 1 min of
incubation

measurement of DA homeostasis with dopaminergic cell
culture and differentiation. We propose that this uniquely
flexible system, which allows for the simultaneous analysis
of DA uptake and release, may facilitate interesting new
experiments in the future. For example, a modified ver-
sion of this system could permit real-time measurement
of extracellular DA before, during, and after applying
short pulses’® of DA-release agonists, such as AMPH,
which could transiently clear stored DA to potentially
generate a new model of DA-depleted Parkinsonian
neurons””. Alternately, modified versions of this system
could be amenable for evaluations of the homeostasis of
other electroactive neurotransmitters, such as epinephr-
ine®® and serotonin®?. Finally, the multiplexing inherent to
the system could make it useful for screening libraries of
reagents to identify potential new drugs and/or ther-
apeutic targets for neurotransmitter homeostasis.

Materials and Methods
Reagents

Unless otherwise specified, reagents were purchased
from Sigma Chemical (Oakville, ON, Canada) or Fisher
Scientific Canada (Ottawa, ON, Canada). Fluorescent dyes
and cell culture reagents were purchased from Life
Technologies (Burlington, ON, Canada). Antibodies were
purchased from Abcam (Cambridge, UK) or Cell Signal-
ing Technologies (CST) (Danvers, MA, USA). Prior to
each experiment, fresh stock solution of DA was prepared
by dissolving 1.90 mg in 10 mL of 1 x PBS buffer (pH =
7.4), resulting in a final concentration of 1.0 mM. The
following two sets of serial dilutions of DA were prepared
in PBS from the stock solution: (a) 1000, 500, 100, 50, 10,
5.0, and 1.0 uM, and (b) 500, 100, 50, and 10 nM. All
solutions used in the DMF experiments contained a sur-
factant additive; when not explicitly listed, the surfactant
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was 0.05% Pluronic F68. Registered test kits for cocaine
(C-008, 61-16), ketamine (K-002, 61-498), and AMPH
(A-007, 61-05) were purchased from Sigma Chemical.

Macroscale cell culture

SH-SY5Y cells were acquired from ATCC (Manassas,
VA) and cultured in T25 flasks in a humidified incubator
at 37°C with 5% CO,. SH-SY5Y cells were grown in
culture medium comprising 1:1 DMEM:F12 supple-
mented with 10% fetal bovine serum and 100 U/mL
penicillin/streptomycin.

Fabrication of DMF bottom plates

DMF bottom plates were fabricated in the cleanroom
facilities of the Toronto Nanofabrication Centre (TNFC),
University of Toronto. Chromium-on-glass substrates
(Telic Co., Valencia, CA, USA) were patterned by pho-
tolithography and etching and then coated with ~6.5 um
Parylene-C (Specialty Coating Systems, Indianapolis, IN,
USA) and ~100 nm Teflon AF (DuPont, Wilmington, DE,
USA) as previously described'”. The design features 80
chromium actuation electrodes (2 x 2 mm), connected to
8 reservoir (6 x 8 mm) and 4 waste (6 x 4 mm) electrodes.
Each electrode is connected by a 150 pm-wide chro-
mium-trace leading to a contact pad at the edge of the
substrate.

Fabrication of DMF top plates

DMEF top plates were fabricated in two stages in the
TNEC. During stage one, ITO coated glass substrates
(Delta Technologies Ltd, Stillwater, MN) were patterned
and etched as previously described'®. Briefly, four iden-
tical ITO e-sensors were fabricated in the center of the
ITO substrate surrounded by a fifth irregular ITO pattern
serving as the DMF counter-electrode. Each e-sensor
featured one asterisk-shaped WE with a surface area of
1.19mm? surrounded by a circular CE/RE (with an
asterisk-shaped cut-out for the WE) with a surface area of
11.9 mm®* Each WE and CE/RE was connected by a
dedicated 100 pm-wide ITO trace leading to a contact pad
at the edge of the substrate. The second stage was adapted
from a previously described protocol® to coat DMF top
plates with Teflon AF 1600 (DuPont, Mississauga, ON,
Canada) punctuated with hydrophilic liftoff spots (i.e.,
areas with no Teflon). Briefly, the substrates from stage
one (above) were cleaned, spin coated with photoresist
(51811, Dow Chemicals, Midland, Michigan, US) and
exposed to UV light through a photomask. After devel-
oping, Teflon AF (1% weight/volume) was spin-coated at
3000 RPM and post baked at 175°C for 5min before
immersion in acetone to lift-off four circular 2 mm dia.
apertures through the Teflon AF. Then, the substrate was
baked successively on a hot plate at 260 and 170 °C for 10
min each. After baking, each substrate had a global
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coating of Teflon AF with four 2 mm dia. circular (open)
apertures over the e-sensors. Prior to use, each e-sensor
was conditioned with poly-p-lysine and loaded with
adherent SH-SY5Y cells as described in the supplemen-
tary information to form c-e-sensors.

Two plate DMF device assembly and operation

The top and bottom plates were assembled with 150 pm
thick spacers formed from double-sided tape such that the
unit droplets (covering one actuation electrode) were 600
nL. Droplets were actuated by applying 95 Vrus electric
potentials between the DMF actuation electrodes (on the
bottom plate) and DMF counter-electrode (on the top
plate), which were controlled and managed using the
open-source DropBot system as previously described®.
When a unit droplet (or larger) was moved across a
hydrophilic c-e-sensor, an ~470nL sub-droplet was
formed on the c-e-sensor by passive dispensing®. In the
droplet manipulation procedures, the device was oriented
with the top plate on “top,” but at all other times, the
device was inverted with the top plate on the “bottom.”

Measurement impact on cell health

SH-SY5Y cells were seeded, grown, and differentiated in
7 uL aliquots of differentiation medium for 0—6 days on c-
e-sensors on DMF top plates in microincubators as
described in the supplementary information (Fig. Sla-c).
For the cells subjected to the “+ measurement,” every
24h post seeding, the microincubators were removed
from the culture incubator, and 5 sets of DPV measure-
ments were collected (in series) using each c-e-sensor (see
“Electrochemistry analysis” section below for details). For
top plates bearing cells subjected to the “— measurement,”
the microincubators were removed from the culture
incubator, but no DPV measurements were collected.
After “-+ measurement” or “— measurement,” most
microincubators were returned to the culture incubator
for continued growth and analysis. After each day
of differentiation, 3 microincubators from both the
+ /— measurement sets were sacrificed (and not cultured
further). These cells were transitioned from the micro-
incubator to a DMF device (Fig. S1d) and evaluated by
confocal fluorescent imaging after staining for PIII-
tubulin  (see  “Immunocytochemistry on DMF”
section below for details). Under each such condition
(4+/— measurement), one image was collected from each
hydrophilic spot on all three top plates (for a total of 12
images per condition) and at least 10 images were eval-
uated to determine the neurite length as previously
described'® using the Neuro] plugin for ImageJ>*. Briefly,
in each image, 15 cells were randomly selected for mea-
surement and the length of the longest neurite on each
selected cell was measured from the base of the axon
hillock to the tip of the growth cone.



Yu et al. Microsystems & Nanoengineering (2019)5:10

Cell impact on measurement

The effect of SH-SY5Y cells occluding the working
electrode on the measured DPV signal was determined in
two steps. First, the cells were seeded, grown, and differ-
entiated in 7 pL aliquots of differentiation medium for
6 days on c-e-sensors on DMF top plates in micro-
incubators as described in the supplementary information
(Fig. Sla-c). The cells were transitioned to a DMF device
(Fig. S1d), and the spent differentiation medium was
replaced by driving two consecutive unit-droplets of 1 uM
DA in 1x PBS (pre-warmed to 37 °C) across the c-e-sensor
in series, with excess going to waste. Five DPV measure-
ments were immediately collected using each c-e-sensor
(see “Electrochemistry analysis” section below for details).
As a control, droplets of 1 uM DA in PBS were also
evaluated under the same conditions on devices not con-
taining any cells. Second, the cells were evaluated by
confocal fluorescent imaging after staining for BIII-tubulin
(see “Immunocytochemistry on DMF” section below for
details), and one image was obtained per c-e-sensor.

The images obtained in step two were used to calculate
the fraction of the WE surface area occluded by adherent
cells as follows. (A) A mask of the working electrode was
superimposed over the fluorescent image in Affinity
Designer (Serif, Nottingham, England) such that only cells
and parts thereof covering the electrode remained in the
image; then, the image was flattened and exported as a 24-
bit png file. (B) The png file was opened in Image] and
converted to black and white using “Image:Color:RGB to
Luminance.” (C) The black and white image was thre-
sholded to create a binary image of the cell-covered area
of the WE using “Image:Adjust:Threshold” with settings
(min, max) = (20, 255). In this image, the pixels without
cells are black, and the pixels with cells (or parts thereof)
are white. (D) The number of white pixels was summed
using “Analyze:Analyze Particles” with settings (size, cir-
cularity) = (1-infinity, 0—1). This value was divided by the
precomputed number of pixels of the entire WE to yield
the fractional coverage. Each electrochemical signal
measured in step one was binned according to the frac-
tional coverage determined in step two as follows: control
(no cells), 0-3% cell coverage, 3—6% cell coverage, 6—9%
cell coverage, and 9+% cell coverage. Statistical sig-
nificance between bins was evaluated by one-way
ANOVA.

DA uptake assays

SH-SY5Y cells were seeded, grown, and differentiated in
7 uL aliquots of differentiation medium for 6 days on c-e-
sensors on DMF top plates in microincubators as described
in the supplementary information (Fig. Sla-c). The cells
were transitioned to a DMF device (Fig. S1d), and the spent
differentiation medium was replaced by driving two con-
secutive unit-droplets of 0.015, 0.03125, 0.0625, 0.125, 0.25,
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0.5, or 1 uM DA in 1x PBS (pre-warmed to 37 °C) across
the c-e-sensor in series, with excess going to waste. In some
experiments, the 1 pM DA-containing droplets were sup-
plemented with 0.1, 0.5, 1.0, 5.0, 10, 50, or 100 M cocaine;
0.1, 0.5, 1.0, 5.0, 10, 50, or 100 pM EGCG; 5.0, 10, 50, 100,
500, 1000 or 5000 uM ketamine; or 0.01, 0.05, 0.1, 0.5, 1.0,
5.0, or 10 uM AMPH. Each condition was repeated on at
least three devices with 4 c-e-sensors per plate for a total of
12 experiments. In all cases, the DA-containing droplets
(with or without DAT ant/agonists) were incubated with
the cells for 10 min, during which the DPV measurements
were performed (see below).

A variation of the procedure described above was
applied as a DAT pre-inhibition assay. Briefly, after the
transfer of day-6 differentiated SH-SY5Y neurons to a
DMEF device (as above), the spent media was replaced by
driving two consecutive unit-droplets of 1x PBS (pre-
warmed to 37 °C) either with (“ + inhibition”) or without
(“- inhibition”) 100 uM cocaine across the c-e-sensor in
series, with excess going to waste. After incubating for 10
min, the + /— inhibition solution was replaced by driving
two unit-droplets containing 5pM AMPH and 1.0 uM
DA in 1x PBS across the c-e-sensor and incubated for an
additional 10 min, during which the DPV measurements
were performed (see below).

In most experiments, during the 10-min incubation, six
DPV measurements were performed from each c-e-sensor
every 2 min, beginning at 0 min (immediately after media
replacement), and then after 2.0, 4.0, 6.0, 8.0, and 10 min
(see “Electrochemistry analysis” section below for details).
In other experiments, the DPV measurements were per-
formed at 0, 0.5, 1.0, 2.0, and 4.0 min.

Electrochemical analysis

The DPV measurements were performed using a DStat
potentiostat (built in-house and operated as previously
described®?). Each voltammogram was acquired using a
two-electrode c-e-sensor (WE and CE/RE) patterned on a
DMEF top-plate at 50mV's ! while scanning from 0V to
+ 0.9V, with step potential 30 mV, pulse amplitude 100
mV, pulse period 0.6, pulse width 50 ms, and sample
period 5ms. For each measurement, 5-10 consecutive
scans were obtained, and the signal at 500 mV of the final
5 scans (for tests with 10 scans) or final 3 scans (for tests
with 5 scans) was collected, averaged, and recorded.

Most experiments were conducted in 470 nL VMs
generated by passive dispensing in DMF devices. In some
such experiments, the VMs contained no cells and were
used to interrogate the DA standards (10 nM to 1.0 uM in
PBS) to generate a calibration curve. The signals mea-
sured in these experiments were plotted as a function of
concentration and fit by least-squares regression. The
limit of detection was defined as the concentration (from
the regression) corresponding to the average signal of the
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blank (measured in PBS with no DA) plus three standard
deviations of the signal of the blank. Other such experi-
ments were conducted in VMs containing cells and 1.0 uM
DA in PBS with and without DAT ant/agonists. The sig-
nals measured in these experiments (after various incu-
bation times) were converted to extracellular DA
concentrations (i.e., [DA]o-min» [DAl2-miny [DAl6-min, €tc.)
according to the calibration curve. DA uptake at the X-min
time point was simply defined as [DA]o.min — [DA]x min-
The DA uptake values were typically expressed in units of
concentration, but in some cases were referenced to cell
number and/or total cellular protein (see supplemen-
tary information for details).

Most DA uptake/release data were fit with a generic
sigmoidal function. For the experiments involving the DA
uptake antagonists, an ICsq (defined as the concentration
of inhibitor at which the measured DA uptake was 50%
between the minimum and maximum values of the sig-
moidal fit) was generated for each data-set (12 replicates).
A Dixon’s Q test at 95% confidence level was applied to
remove outliers, and the remaining measures were aver-
aged to calculate the reported value (and S.D.). The DA
uptake kinetics experiment data were fit with the Hill
equation®® (Eq. 1):

x}’l

Y= Vinax Wy (1)
where y is the amount of DA uptake after 10-min incu-
bation, V.. is the maximal uptake defined as the
asymptote of the Hill fit, x is the initial concentration of
DA in the droplet, Kj, is the initial concentration of DA in
the droplet required for half maximal uptake, and # is the
Hill coefficient, which describes the cooperativity of the
DA/DAT interaction. Each replicate dataset was plotted
and fitted separately to obtain unique Hill fit parameters
(Vinax Kn and n), which were averaged to calculate the
reported value (and S.D.). Finally, in still other experi-
ments, measurements were obtained from cells in 7 pL
aliquots of cell culture/differentiation medium in micro-
incubators without any DA present.

Immunocytochemistry on DMF

SH-SY5Y cells grown on c-e-sensors on DMF top plates
were evaluated by a technique known as digital micro-
fluidic immunocytochemistry in single cells'” in a 10-step
procedure. Briefly, (1) the cells were fixed by dispensing
and driving a unit-droplet of 4% paraformaldehyde in PBS
with 0.05% Pluronic F-68 across the hydrophilic site. (2)
The cells were washed by dispensing and driving two
unit-droplets of PBS containing 0.05% Brij-35 across the
site (in series) and (3) permeabilized by dispensing and
driving a unit-droplet of 0.2% Tween 20 in PBS across the
site. (4) Step two was repeated. (5) Primary antibodies
were delivered to the fixed, permeabilized cells by
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dispensing and driving a unit-droplet containing rabbit
anti-BIII-tubulin (ab18207 diluted 1:800) in 1% non-fat
dry milk in PBS supplemented with 0.05% Brij-35 across
the hydrophilic site. (6) Step two was repeated again, and
(7) step five was repeated with secondary antibody Alexa
Fluor 555 conjugated anti-rabbit (CST#4413 diluted
1:1200). (8) The top plate was detached from the DMF
device and immersed in 0.1% PBS with 0.05% Tween 20,
followed by (9) washing with distilled water and subse-
quently (10) the substrate, was allowed to air dry. The
dried substrate was evaluated under an Olympus (Tokyo,
Japan) IX71 microscope at x20 or x40 magnification with
a BH2-RFL-T3 fluorescent source. When images of the
entire c-e-sensor were required, sub-images were stitched
together using Affinity Designer.

Acknowledgements

We thank the National Sciences and Engineering Research Council (NSERC) of
Canada and Medicine by Design (MbD), which is supported by the Canada
First Research Excellence Fund (CFREF) for funding. We thank Dr. Kagan
Kerman (Univ. Toronto) and Dr. Rachel Saylor (Oberlin College) for valuable
discussions. ARW. thanks the Canada Research Chair (CRC) Program for a CRC.

Author details

'Institute for Biomaterials and Biomedical Engineering, University of Toronto,
164 College St, Toronto, ON M5s 3G9, Canada. 2Dorme\ly Centre for Cellular
and Biomolecular Research, 160 College St, Toronto, ON M5S 3E1, Canada.
3Department of Chemistry, University of Toronto, 80 St George St, Toronto, ON
M5S 3H6, Canada. 4Depar’[men‘[ of Human Biology, University of Toronto, 300
Huron Street, Toronto, ON M5S 3J6, Canada

Author contributions

Y.Y. and ARW. planned the experiments. Y.Y,, SH, D.LK, SS, and Y.L. carried
out the experiments. Y.Y, RP.S.d.C, and ARW. interpreted the data, prepared
the figures, and wrote the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper at https://doi.org/
10.1038/541378-019-0049-2.

Received: 27 September 2018 Revised: 8 January 2019 Accepted: 10
January 2019.
Published online: 11 March 2019

References

1. Vaillancourt, D. E, Schonfeld, D, Kwak, Y, Bohnen, N. . & Seidler, R. Dopamine
overdose hypothesis: evidence and clinical implications. Mov. Disord. 28,
1920-1929 (2013).

2. Best, J. A, Nijhout, H. F. & Reed, M. C. Homeostatic mechanisms in dopamine
synthesis and release: a mathematical model. Theor. Biol. Med. Model. 6, 21-21
(2009).

3. Wang, K H, Penmatsa, A. & Gouaux, E. Neurotransmitter and psychostimulant
recognition by the dopamine transporter. Nature 521, 322-327 (2015).

4. Vaughan, R. A. & Foster, J. D. Mechanisms of dopamine transporter regulation
in normal and disease states. Trends Pharmacol. Sci. 34, 489496 (2013).

5. Kisos, H, Ben-Gedalya, T. & Sharon, R. The clathrin-dependent localization of
dopamine transporter to surface membranes is affected by a-synuclein. J. Mol.
Neurosci. 52, 167-176 (2014).

6. O'Neill, B. et al. Behavior of knock-in mice with a cocaine-insensitive dopamine
transporter after virogenetic restoration of cocaine sensitivity in the striatum.
Neuropharmacology 79, 626-633 (2014).


https://doi.org/10.1038/s41378-019-0049-2
https://doi.org/10.1038/s41378-019-0049-2

Yu et al. Microsystems & Nanoengineering (2019)5:10

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Huys, Q. J, Tobler, P. N, Hasler, G. & Flagel, S. B. The role of learning-related
dopamine signals in addiction vulnerability. Prog. Brain. Res. 211, 31-77 (2014).
Kalia, L. V. & Lang, A. E. Parkinson’s disease. Lancet 386, 896912 (2016).
Saha, K, Swant, J. & Khoshbouei, H. Single cell measurement of dopamine
release with simultaneous voltage-clamp and amperometry. JoVE 69, e3798
(2012).

Cox, J. T, Gunderson, C. G. & Zhang, B. Redox-filled carbon-fiber microelec-
trodes for single-cell exocytosis. Electroanalysis 25, 2151-2158 (2013).

Zhang, B. et al. Spatially and temporally resolved single-cell exocytosis utilizing
individually addressable carbon microelectrode arrays. Anal. Chem. 80,
1394-1400 (2008).

Presgraves, S. P, Ahmed, T, Borwege, S. & Joyce, J. N. Terminally differentiated
Sh-Sy5y cells provide a model system for studying neuroprotective effects of
dopamine agonists. Neurotox. Res. 5, 579-598 (2003).

Brimblecombe, K. R. & Cragg, S. J. Ni2+affects dopamine uptake which limits
suitability as inhibitor of T-type voltage-gated Ca2+channels. ACS Chem.
Neurosci. 6, 124-129 (2014).

Klegeris, A, Korkina, L. G. & Greenfield, S. A. Autoxidation of dopamine: a
comparison of luminescent and spectrophotometric detection in basic solu-
tions. Free Radlic. Biol. Med. 18, 215-222 (1995).

Ng, A. H, Chamberlain, M. D, Situ, H, Lee, V. & Wheeler, A. R. Digital micro-
fluidic immunocytochemistry in single cells. Nat. Commun. 6, 7513 (2015).
Barbulovic-Nad, I, Au, S. H. & Wheeler, A. R. A microfluidic platform for
complete mammalian cell culture. Lab. Chip. 10, 1536-1542 (2010).

Dryden, M. D, Rackus, D. D, Shamsi, M. H. & Wheeler, A. R. Integrated digital
microfluidic platform for voltammetric analysis. Anal. Chem. 85, 8309-8816
(2013).

Rackus, D. G. et al. A digital microfluidic device with integrated nanostructured
microelectrodes for electrochemical immunoassays. Lab. Chip. 15, 3776-3784
(2015).

Yu, Y. et al. A microfluidic method for dopamine uptake measurements in
dopaminergic neurons. Lab. Chip. 16, 543-552 (2016).

Johnson, A. S, Mehl, B. T. & Martin, R S. Integrated hybrid
polystyrene—polydimethylsiloxane device for monitoring cellular release with
microchip electrophoresis and electrochemical detection. Anal. Methods 7,
884-893 (2015).

Zhong, M, Lee, C. Y, Croushore, C. A. & Sweedler, J. V. Labelfree quantitation
of peptide release from neurons in a microfluidic device with mass spectro-
metry imaging. Lab. Chip. 12, 2037-2045 (2012).

Dryden, M. D. M. & Wheeler, A. R. DStat: a versatile, open-source potentiostat
for electroanalysis and integration. PLoS ONE 10, e0140349 (2015).

Fobel, R, Fobel, C. & Wheeler, A. R. Dropbot: an open-source digital micro-
fluidic control system with precise control of electrostatic driving force
and instantaneous drop velocity measurement. Appl. Phys. Lett. 102, 193513
(2013).

Bard, A. J. & Faulkner, L. R. Electrochemical Methods: Fundamentals And Appli-
cations 2 edn, (John Wiley and Sons Publishers, Hoboken, NJ, USA, 2001).
Eydelnant, I. A, Uddayasankar, U, Liao, M. W. & Wheeler, A. R. Virtual microwells
for digital microfluidic reagent dispensing and cell culture. Lab. Chip. 12,
750-757 (2012).

Evercooren, B. V. et al. Nerve growth factor, laminin, and fibronectin promote
neurite growth in human fetal sensory ganglia cultures. J. Neurosci. Res. 8,
179-193 (1982).

Rinaldi, T, Silberberg, G. & Markram, H. Hyperconnectivity of local neocortical
microcircuitry induced by prenatal exposure to valproic acid. Cereb. Cortex 18,
763-770 (2007).

Tsai, S. L, Wang, M. H, Chen, M. K & Jang, L. S. Analytical and numerical
modeling methods for electrochemical impedance analysis of single cells on
coplanar electrodes. Electroanalysis 26, 389-398 (2014).

Xiao, C. & Luong, J. H. On-line monitoring of cell growth and cytotoxicity using
electric  cell-substrate impedance sensing (ECIS). Biotechnol. Prog. 19,
1000-1005 (2003).

Shih, S. C, Barbulovic-Nad, I, Yang, X, Fobel, R. & Wheeler, A. R. Digital
microfluidics with impedance sensing for integrated cell culture andanalysis.
Biosens. Bioelectron. 42, 314-320 (2013).

Gonon, F, Navarre, F. & Buda, M. In vivo monitoring of dopamine release in
the rat brain with differential normal pulse voltammetry. Anal. Chem. 56,
573-575 (1984).

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 13 of 13

Cheng, M. H, Garcia-Olivares, J, Wasserman, S, DiPietro, J. & Bahar, |. Allosteric
modulation of human dopamine transporter activity under conditions pro-
moting its dimerization. J. Biol. Chem. 30, 12471-12482 (2017).

Hastrup, H, Sen, N. & Javitch, J. A. The human dopamine transporter forms a
tetramer in the plasma membrane: cross-linking of a cysteine in the fourth
transmembrane segment is sensitive to cocaine analogs. J. Biol. Chem. 278,
45045-45048 (2003).

Hovde, M. J, Larson, G. H, Vaughan, R. A. & Foster, J. D. Model systems for
analysis of dopamine transporter function and regulation. Neurochem. Int. 123,
13-21 (2019).

Beuming, T. et al. The binding sites for cocaine and dopamine in the dopa-
mine transporter overlap. Nat. Neurosci. 11, 780-789 (2008).

Li, R, Peng, N, Li, X-p & Le, W-d (—)-Epigallocatechin gallate regulates
dopamine transporter internalization via protein kinase C-dependent pathway.
Brain Res. 1097, 85-89 (2006).

Hancock, P. & Stamford, J. Stereospecific effects of ketamine on dopamine
efflux and uptake in the rat nucleus accumbens. Br. J. Anaesth. 82, 603-608
(1999).

Zaczek, R, Culp, S. & De Souza, E. Interactions of [3H] amphetamine with rat
brain synaptosomes. II. Act. Transp. J. Pharmacol. Exp. Ther. 257, 830-835
(1991).

Nnadi, C. U, Mimiko, O. A, McCurtis, H. L. & Cadet, J. L. Neuropsychiatric effects
of cocaine use disorders. J. Natl. Med. Assoc. 97, 1504 (2005).

Chen, R. et al. Abolished cocaine reward in mice with a cocaine-insensitive
dopamine transporter. Proc. Natl. Acad. Sci. USA 103, 9333-9338 (2006).
Tyler, M. W, Yourish, H. B, lonescu, D. F. & Haggarty, S. J. Classics in chemical
neuroscience: ketamine. ACS Chem. Neurosci. 8, 1122-1134 (2017).

Zhang, B. et al. Electroanalysis of the interaction between (—)-epigalloca-
techin-3-gallate (EGCG) and amyloid-f in the presence of copper. Metallomics
5, 259-264 (2013).

Salvatore, M. F, Pruett, B. S, Spann, S. L. & Dempsey, C. Aging reveals a role for
nigral tyrosine hydroxylase ser31 phosphorylation in locomotor activity gen-
eration. PLoS ONE 4, e8466 (2009).

Keller, C. M, Salvatore, M. F, Pruett, B. S, Guerin, G. F. & Goeders, N. E. Biphasic
dopamine regulation in mesoaccumbens pathway in response to non-
contingent binge and escalating methamphetamine regimens in the Wistar
rat. Psychopharmacol. (Berl) 215, 513-526 (2011).

Fleckenstein, A. E, Volz, T. J, Riddle, E. L, Gibb, J. W. & Hanson, G. R. New
insights into the mechanism of action of amphetamines. Annu. Rev. Phar-
macol. Toxicol. 47, 681-698 (2007).

Ramsson, E. S, Howard, C. D, Covey, D. P. & Garris, P. A. High doses of
amphetamine augment, rather than disrupt, exocytotic dopamine release in
the dorsal and ventral striatum of the anesthetized rat. J. Neurochem. 119,
1162-1172 (2011).

Pifl, C, Drobny, H, Reither, H, Hornykiewicz, O. & Singer, E. A. Mechanism of
the dopamine-releasing actions of amphetamine and cocaine: plasmalemmal
dopamine transporter versus vesicular monoamine transporter. Mol. Phar-
macol. 47, 368-373 (1995).

Mundorf, M. L, Hochstetler, S. E. & Wightman, R. M. Amine weak bases disrupt
vesicular storage and promote exocytosis in chromaffin cells. J. Neurochem.
73, 2397-2405 (1999).

Jones, S. R, Gainetdinov, R. R, Wightman, R. M. & Caron, M. G. Mechanisms of
amphetamine action revealed in mice lacking the dopamine transporter. J.
Neurosci. 18, 1979-1986 (1998).

Furman, C. A. et al. Dopamine and amphetamine rapidly increase dopamine
transporter trafficking to the surface: live-cell imaging using total internal
reflection fluorescence microscopy. J. Neurosci. 29, 3328-3336 (2009).
Venton, B. J. et al. Cocaine increases dopamine release by mobilization of a
synapsin-dependent reserve pool. J. Neurosci. 26, 32063209 (2006).

Rizk, P. et al. Dopamine depletion impairs precursor cell proliferation in Par-
kinson disease. Nat. Neurosci. 7, 726 (2004).

Jin, G-P, Chen, Q-Z, Ding, Y-F. & He, J-B. Electrochemistry behavior of
adrenalin, serotonin and ascorbic acid at novel poly rutin modified paraffin-
impregnated graphite electrode. Electrochim. Acta 52, 2535-2541 (2007).
Meijering, E. et al. Design and validation of a tool for neurite tracing and
analysis in fluorescence microscopy images. Cytom. A 58, 167-176 (2004).
Copeland, R. A. Enzymes: a practical introduction to structure, mechanism, and
data analysis (John Wiley & Sons, Weinheim, Germany, 2004).



	A microfluidic platform for continuous monitoring of dopamine homeostasis in dopaminergic cells
	Introduction
	Results and discussion
	Microfluidic system for cell culture and continuous DA uptake measurements
	DA uptake in SH-SY5Y cells
	Continuous DA uptake measurements with DAT ant/agonists

	Conclusion
	Materials and Methods
	Reagents
	Macroscale cell culture
	Fabrication of DMF bottom plates
	Fabrication of DMF top plates
	Two plate DMF device assembly and operation
	Measurement impact on cell health
	Cell impact on measurement
	DA uptake assays
	Electrochemical analysis
	Immunocytochemistry on DMF

	ACKNOWLEDGMENTS




