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Abstract
The dynamic interplay between the different types of cells in the brain involves
the release and uptake of multiple chemical factors and their resulting signaling cascades
in response to stimuli.

This creates a constantly changing environment, which

complicates the study of the organ’s function.

Consequently, dissecting particular

aspects of cellular communication is difficult in an in vivo environment. To better dissect
particular aspects of cellular communication, controlled in vitro environments are
combined with established techniques and novel platforms in this dissertation. Following
an introduction to cellular communication and the methods utilized to investigate how it
occurs, the development and fabrication of a microfluidic device to examine the
interaction of a network of cells is described in chapter 2. This device, composed of a
lower pharmacological layer and an upper bulk flow layer, utilizes hydrodynamic
focusing to individually address cells without exposing the entire population. Fluorescent
and electrochemical data illustrate how the flow streams introduced through the lower
layer can be manipulated by fluid sent through the above bulk channels to limit diffusion.
In chapter 3, a novel patterning technique, sucrose lift-off lithography, is reported as an
alternative to traditional patterning schemes. With this technique, a sacrificial layer of
sucrose is initially deposited onto a substrate, which is then coated with photoresist. The
resist is then patterned lithographically to expose the substrate in defined well areas. The
wells are subsequently loaded with adhesion proteins and a cell suspension, whose
culture medium dissolves the sucrose over time, leaving only the patterned cells on the
substrate. In chapters 4 and 5, amperometry is utilized to examine the effects of drug
treatment and gene modification by knockout on exocytosis. Incubation with the D2
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agonist, pramipexole, is found to cause an acute decrease in extracellular calcium influx
and a decrease in the amount of dopamine released from in PC12 cells following
potassium stimulation in chapter 4. Additionally, the vesicular monoamine transporter
(VMAT) is found to package the agonist as well as DA into secretory vesicles. The
effects of GODZ and SERZ-β gene knockout on calcium influx and release from
intracellular stores in both murine hippocampal neurons and peritoneal mast cells are
discussed in Chapter 5. The processes of double knockout neurons, lacking both GODZ
and SERZ-β, were found to have decreased calcium influx and release when compared to
wild type processes. Moreover, the exocytotic release of histamine and serotonin from
mast cells was also examined following stimulation.

The release kinetics for both

compounds was observed to change with gene deletion as did the number of molecules
released from the granules. Loss of GODZ and SERZ-β, whose main function is the
posttranslational modification of proteins by palmitoylation, likely causes alterations in
the function of proteins that dictate the binding of granules to the plasma membrane.
Lastly, pyrolyzed photoresist microelectrodes were characterized for use as a coulometric
detector in a microchannel separation device in chapter 6. These pyrolyzed carbon
electrodes combined with the short height of the separation channel is able to limit the
diffusion of analytes in the separation channel, such that the majority of the analyte that
passes over the electrode is oxidized. Following characterization of the system, a mixture
of dopamine and serotonin was separated and detected in the device.
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Chapter 1
Analytical Techniques for Probing Brain Function
The study of brain function has been ongoing for many years in order to better
understand the complex communication between single neurons, how these neurons form
circuits, and the connectivity between different regions in the entire brain. Techniques,
such as electrophysiology and microscopy, have been employed to discern valuable
information about these cellular interactions.1-3 However, the prominence of neurological
diseases such as Alzheimer’s and Parkinson’s has many researchers working to refine
traditional analytical techniques as well as to develop new platforms to uncover the
mechanism behind their onset and progression. By utilizing these new platforms, in vitro
systems can more closely mimic in vivo environments to dissect the intricacies cellular
communication.
The basis of the nervous system lies in a large number of intertwined neuronal
networks, each composed of nerve cells interacting with one another. This interaction is
mediated by chemical synapses, regions between pre- and postsynaptic cells where
neurotransmitters are released during exocytosis. The process of exocytosis begins when
external events cause a neuron to be stimulated. This stimulation causes the initial
depolarization of the cell membrane. For a neuron at rest, the membrane has negative
membrane potential, which is regulated by ion channels. The ion channels mediate the
concentration of ions within the cell such that intracellular potassium is high and sodium
is low, while the negative charge is imparted by the presence of chloride ions and
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negatively charged amino acids and proteins in the cellular milieu to generate a negative
potential. This balance, however, is upset when the cell is depolarized to a positive
potential, causing an action potential to happen. During this time, sodium rushes in as the
voltage-gated channels of the cell open, while potassium begins to leave. The sodium
influx surpasses the potassium efflux to cause an overall increase in resting potential.
Sodium channels continue to open down the length of the axon from the site of
stimulation to the presynaptic terminal where exocytosis occurs.
At the presynaptic terminal, vesicles containing neurotransmitters are present in
the active region near the membrane, ready to release their contents.

Once the

depolarization reaches the terminal (Figure 1-1), voltage-gated calcium channels open
and a rise in intracellular calcium concentration occurs as this ion passes into the cell.
The introduction of calcium initiates the movement of the vesicles to the plasma
membrane. Upon reaching the membrane, vesicle fusion is aided by the formation of the
SNARE (Soluble N-ethylmaleimide sensitive factor Attachment protein REceptor)
complex.

The SNARE complex consists of two sets of proteins, the v-SNARE

component (found the vesicular membrane) and the t-SNAREs (found on the “target”
plasma membrane). Synaptobrevin (v-SNARE) interacts with two t-SNARE proteins,
syntaxin and SNAP-25, which serve to tether the two membranes together prior to the
creation of the fusion pore (the opening between the vesicle and extracellular solution).
A fourth protein found on the vesicular membrane, synaptotagmin, is also thought to be
involved in the regulation of exocytosis due to the presence of two calcium binding
domains in its structure. It is unclear, however, how exactly the protein mediates the
relationship between the calcium influx and the vesicle fusion event. One hypothesis
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Figure 1-1. Schematic of the presynaptic terminal and the post-synaptic membrane. The
movement of K+ and Na+ across the membrane of the nerve terminal depicts an action
potential traveling to the terminal. Upon the arrival of the potential, synaptic vesicles are
mobilized to dock at the membrane via the SNARE complex before Ca+ influx causes
release of neurotransmitters into synapse and subsequent transmitter binding to the
postsynaptic neuron. Reprinted with permission from reference 4.4
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postulates that calcium induces a rearrangement in the oligomerization of synaptotagmin
that might regulate fusion-pore dynamics by dilating the neck of the fusion pore to allow
more release of neurotransmitter.5-7 Another possibility for the action of synaptotagmin
involves its insertion into the plasma membrane. When inserted, the protein acts as a
calcium-dependent fusion clamp, preventing exocytosis from occurring. As calcium
rushes into the cell, the protein is freed and release can occur.8-11 In either case, once the
complex is in place, fusion occurs between the two membranes, releasing a discrete
amount of neurotransmitter (a quantum) into the synaptic cleft. The number of vesicles
that fuse and consequently, the number of quanta released is highly dependent on the
amount of free calcium in the terminal. Therefore, increased calcium ion concentration
promotes greater fusion and transmitter release.
Once in the cleft, the transmitters are able to bind to receptors on the postsynaptic
cell, which dictate whether the synapse is excitatory or inhibitory. These two types of
synapses differ based on the likelihood of an action potential being produced in the
postsynaptic cell; excitatory synapses increase the likelihood and cause voltage-gated
sodium channels to open, while inhibitory synapses decrease the likelihood typically by
initiating a chloride influx, which makes it harder for depolarization to occur.

In

addition, the inherent properties of the receptor also dictate whether the postsynaptic cell
has fast response on the order of milliseconds or a slower acting one that occurs over a
timescale of seconds to minutes.

For the fast, ionotropic response, the receptors

themselves are also ion channels that open following a conformational change upon
transmitter binding. The slower, metabotropic response, on the other hand, involves
receptors that modify intracellular metabolic reactions, such as protein expression,
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typically by eliciting the production of secondary messengers (e.g. cyclic-adenosine
monophosphate, cAMP, and diacylglycerol). While the ionotropic response generally
functions in reflex behaviors, the involvement of secondary messengers has far more
lasting consequences since it has the capability to modulate behavior by altering the
excitability of neurons and synaptic connections. Following the transduction of their
signal, transmitters are inactivated by their removal from the cleft by either diffusion
away from the synapse or reuptake by membrane bound transporter proteins on the
presynaptic cell. Reuptake by the releasing cell not only ceases the activity of the
transmitter, but also allows for the transmitter to be repackaged in a vesicle for later use.
In addition to repackaging, once inside a cell, the molecules can also be deactivated by
proteins through their conversion to metabolites.
Because exocytosis is the major form of interaction between nerve cells as well as
a means to dictate their structure and function (by means of providing enough stimuli to
keep a connection between cells active), understanding the process of exocytosis is key to
elucidating what changes occur in cells and their networks upon exposure to different
stimuli. However, much of the information concerning cellular communication still
requires elucidation because analytical techniques capable of probing network activity
have not yet been fully developed. In order to better dissect the complex environment
created by the interconnection of cells in a network, in vitro systems can be utilized with
both traditional and novel techniques to interrogate exocytosis and the effects of genetic
modifications on neurotransmitter levels.

5

Model Systems
The investigation of neuronal function can be studied using in vitro model
systems to hone in on particular processes and functions. The choice of what system to
use, however, is dependent on the focus of the research. For instance, research interested
in the dynamics of exocytosis might use mast cells as a model for studying how vesicles
fuse and for how long.12, 13 Typically, these cells are isolated from the peritoneal cavity
of rats and mice where they function in the immunological response to pathogens.
Though the cells are peripheral, they still exhibit the release of histamine and serotonin
through exocytosis upon stimulation. Because the cells come from a primary source, the
effects of genetic modifications on exocytosis can also be probed with this system. An
additional advantage of using mast cells for such a study is their large secretory vesicles
that fuse and expel a greater amount of transmitter than other cell types.

This

phenomenon allows for easier detection of exocytotic events.
The immortalized PC12 cell line is often used as a neuronal model as the cells
function similarly to sympathetic ganglion neurons.14 Originally isolated from a rat
pheochromocytoma, the cells synthesize, store, and release the catecholamines, dopamine
(DA) and norepinephrine (NE). The cells are thus good models for examining the
dynamics of native exocytosis as well as variations that accompany different drug
treatments. Furthermore, the cells can be differentiated to grow processes similar to
those found on neurons with nerve growth factor (NGF) such that release can also be
probed at processes that are more similar to actual synapses rather than only at the cell
body.
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Using an intact brain/head of a model organism allows for the examination of an
organism’s global response to the effects of mutations and drug treatments on
neurotransmitter levels. The fruit fly, Drosophila melanogaster, is an ideal system for
interrogating and correlating transmitter levels with different behaviors and stimuli
exposures.15, 16 The short life cycle of the flies as well as their less complicated nervous
system and the ease with which they are handled allow for the quick introduction of
mutations into a strain. These mutations provide a means to more adequately probe the
function of different proteins with respect to behavior and response to stimuli. Further,
since Drosophila have fewer functional redundancies, rendering a gene inoperative
completely knocks out the corresponding protein with no other gene product able to
compensate for the loss. In this manner, the function and interaction of different proteins
can be examined with less concern for unknown factors contributing to the result. Lastly,
the analogous roles of biogenic amine transmitters for the flies and mammals make them
a valuable tool for determining the roles of the different amines in response to stimuli.17

Analytical Techniques
The field of neuroscience began in the late 1800s when Camillo Golgi and
Santiago Ramon y Cajal first detailed the structure of neurons and the network of
interconnected cells that comprises nervous tissue.8 In 1952, Alan Hodgkin and Andrew
Huxley advanced the understanding of neuron function with their observation that ion
channels influence the action potential and thus exocytotis by interrogating a squid giant
axon with a voltage clamp technique.18, 19 Since then, the study of exocytosis and the
quantification of neurotransmitters contained within neurons and neuronal model systems
have been interrogated by use of many different techniques.20-22 This section will focus
7

on four analytical techniques, electrochemical methods, fluorescence microscopy,
microfluidics, and microchip electrophoresis that can be used to examine exocytosis and
transmitter molecules.

Electrochemical methods
Electrochemical methods, particularly those that utilize microelectrodes, are wellsuited to the study of neurochemicals since many of these compounds are natively
electroactive. The advent of microelectrodes furthered the use of electrochemistry in the
field of neuroscience since they combine the selectivity of the technique for an
electroactive compound with the ability to rapidly measure exocytotic events in real
time.23,

24

Furthermore, their small probe size (under 10 μm) allows for events to be

observed at discrete locations of the sample.

Carbon microelectrodes in particular,

provide the additional benefits of having a larger working potential range for different
analytes, resistance to fouling, and a lower background noise.25
To examine exocytosis with these small electrodes, cells are typically plated onto
cell culture dishes for examination. Using a micromanipulator, a polished disk electrode
is lowered on top of a cell, while a micropipette containing a stimulation solution is also
lowered nearby (Figure 1-2A). Following stimulation, two modes of electrochemical
detection can be employed to examine exocytosis.
One mode of electrochemical detection is constant potential amperometry. With
this method, the working electrode is held at a constant overpotential chosen such that all
the analytes in the sample are oxidized immediately upon reaching the electrode. The
sub-millisecond response time of amperometry allows individual exocytotic events, i.e.
individual vesicles fusing and releasing their contents, to be recorded as peaks generated
8

Figure 1-2. Electrochemical methods for studying exocytosis. A) Microelectrode and
stimulation pipette placement during an electrochemical experiment. Scale bar = 10 μm.
B) Data collected from the electrode during an amperometric experiment. Each peak
corresponds to the contents of a single vesicle released from the cell. C) Color plot and
representative cyclic voltammogram of exocytosed dopamine obtained during a cyclic
voltammetry experiment. The colorplot depicts the regions of changing current during
the course of the experiment, which correspond to the scale shown to its right. Cyclic
voltammograms are recorded for each scan in the vertical direction. The voltammogram
shown was obtained from the region highlighted in red on the colorplot.
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from the oxidation (Figure 1-2B). Analysis of the amplitude, area, halfwidth, and other
features of these peaks (events) yields information about fusion kinetics and the amount
of neurotransmitter released.

Despite the large amount of information that can be

obtained from amperometry, the technique does have a drawback; the identity of the
chemicals being released cannot be determined since the oxidation potentials of most
transmitters are similar and lie below the overpotential applied.
Identification of these analytes can be accomplished with another electrochemical
technique, cyclic voltammetry (CV). With CV, a triangle waveform is applied to the
working electrode to oxidize then reduce the analyte to generate a characteristic cyclic
voltammogram for each molecule (Figure 1-2C). At fast scan rates, the shapes of the
voltammograms are kinetically controlled and dominated by a background double layer
charging current. This charging current must subsequently be background subtracted to
obtain the faradaic current generated by the oxidation and reduction of the compound.
Though CV is capable of observing exocytotic events, its slower response time makes the
technique unable to readily distinguish between individual events. Consequently, the
choice must be made concerning what information is more valuable, the kinetics of the
exocytotic event or the identity of what is being released when deciding between which
of electrochemical detection schemes to use.

Fluorescence microscopy
The high sensitivity and targeting capabilities of fluorescence microscopy have
made it a useful tool employed to investigate neuronal structure and function.
Particularly useful in these studies has been the ability to genetically encode green
fluorescent protein (GFP) and the other colored autofluorescent proteins as tags for
10

proteins involved in gene expression26, cell cycle progression27, and other biochemical
processes28. In addition to labeling cellular structures with fluorophores, aspects of
cellular function such as changes in ion concentration and membrane potential can also
be monitored with fluorescence.29 Investigation of calcium concentration within cells is
particularly interesting due to the calcium dependence of exocytosis. This analysis is
able to yield clues about cell excitability (i.e. the response of the cell to a stimulus) by
observing spatially where levels have changed as well as temporal information about
when the influx occurred, its duration, and how much has entered the cell. Calcium
imaging utilizes intracellular indicator dyes that bind the free ion in the cytosol.
Following incubation with one of these dyes, a baseline value for the intracellular
calcium concentration can be obtained from the initial fluorescent intensity. Stimulation
of the cells can then promote the influx of calcium to generate an increase in fluorescent
intensity.
Qualitative information concerning calcium influx following stimulation can be
obtained via the incubation of cells with single excitation/emission dyes. A baseline level
of fluorescence is determined at the onset of the experiment that corresponds to the basal
free calcium in the cell (Figure 1-3A). After stimulation (Figure 1-3B), the dye is able to
bind the incoming ions to generate a change in the fluorescent intensity over time (Figure
1-3C).

The fluorescent profile obtained features a spike in intensity, which offers

information about the relative concentration change from the initial influx until after the
calcium has been bound by proteins or taken up by intracellular stores. Variations in
intensity change and in the duration of the increased signal can help elucidate the
mechanisms behind how exposure to different drug treatments affects the concentration

11

Figure 1-3. Fluorescent imaging of calcium influx into PC12 cells following stimulation
with high potassium solution. A) Cells incubated with fluo-4 dye prior to stimulation.
The low fluorescent intensity corresponds to a low quantity of free calcium in the cells.
B) Cells directly after stimulation with high K+ displaying an increase in fluorescent
intensity. The influx of calcium increases the intensity observed. Scale bar = 20 μm. C)
Normalized fluorescent intensity profiles for three cells illustrating the influx of calcium
following stimulation and the eventual removal of free ion in the cell.
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of free calcium within the cell. Experiments performed in calcium-free medium are
particularly useful for interrogating intracellular store release and uptake. These dyes,
however, are unable to provide quantitative information about how much calcium the cell
began with versus how much was taken up following stimulation.

Microfluidics
In recent years, there has been an explosion in the use of microfluidics for
neuroscience applications.

This phenomenon has occurred because microfluidic

platforms afford several advantages over traditional analytical techniques. The small
dimensions associated with the channels of these devices require the consumption of very
little of the reagents used to carry out the same processes typically carried out in a culture
dish.

Consequently, samples that are either mass- or concentration-limited can be

analyzed without dilution. In addition, analyses can be integrated and/or automated to
perform several tasks simultaneously or in succession.

Further, analyses can be

completed in parallel, maximizing the amount of data that can be collected in a certain
time period from a single sample. Moreover, microfluidic devices allow for an in vivo
environment to be better mimicked through precise control of the cellular
microenvironment. This control can be achieved by patterning cells in exact locations
and subsequently directing reagent flow or creating a co-culture of different types of cells
capable of interacting with each other similar to what would occur in an organism.
Fabrication techniques for these devices, such as photolithography and anisotropic
etching, have often been borrowed from the semiconductor industry.30, 31 Consequently,
the same substrates utilized for microelectronics have been employed for fluidics
applications. For instance, silicon was the first substrate to be used to create
13
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Figure 1-4. Examples of neuroscience applications of microfluidic platforms. A) Cells plated onto a microelectrode array in separate
circular chambers.32 Microfluidic channels between the chambers allow the cells to grow processes and interact with each other. Scale
bar = 100 μm. Reprinted with permission from 32. B) The processes from a rat frontal cortex neuron patterned with microfluidic
channels.33The neuron was plated in a PDMS microwell and allowed to grow processes toward a mixed population of neurons and
glia. The right figure shows a magnified view of the neuron and its processes. Scale bars are 120 μm and 20 μm respectively.
Reprinted with permission from 33. C) Neurons and their processes patterned with poly-lysine and extracellular matrix proteins (1).34
Stimulation solution was delivered through a microfluidic system and patch clamp recordings of action potentials collected (1’). Scale
bar = 100 μm. Reprinted with permission from 34.

microstructures for in vitro neuron growth.31 In addition to silicon, other substrates such
as glass have also been used to create microelectrode arrays to perform electrophysiology
on cells contained on microfluidic platforms (Figure 1-4A).32, 35, 36
Soft lithography is another technique that has been extensively used to create
microfluidic devices in recent years. As implied by its name, the technique utilizes a
photopolymerizable resist spun onto a wafer that is subsequently patterned with the
device design with lithography to create a master mold. This mold is then used to pattern
the elastomeric polymer, polydimethylsiloxane (PDMS). PDMS offers many advantages
as a substrate including biocompatibility, low cost, and optical transparency for
fluorescent applications.37 Consequently, these devices have been utilized to pattern cells
and their processes into particular configurations (Figure 1-4B)33,

38, 39

, differentiate

neural stem cells40-42, as well as create cell-based biosensors (Figure 1-4C)34, 43, 44.

Microchip electrophoresis
Microchip electrophoresis is an analytical technique ideally suited for studying
the small volume contents biological samples, employing volumes on the femtoliter
scale. Adapted from capillary electrophoresis (CE), microchip electrophoresis utilizes an
electrokinetic field applied across a glass or polymer channel to separate and detect the
different analytes in a complex mixture. Analytes are separated as they travel down the
channel based on both their relative charge and the action of electroosmotic flow (EOF).
Separation by analyte charge is dependent on the interaction of the molecule with the
applied voltage. This phenomenon, electrophoretic flow, permits cations to flow towards
the negatively charged cathode, while anions move towards at the anode and the neutrals
remain stationary. The movement of anions and neutrals towards the cathode and the
15

detector is dependent on EOF. EOF is a force created by the interaction of negatively
charged silanol groups on the walls of the separation channel and the hydrated cations in
the buffer in the presence of the applied field. As the cations flow towards the cathode,
they pull the rest of the solution along with them, resulting in the movement of all the
molecules.

The cations reach the cathode first with both electrophoretic and

electroosmotic flows contributing to their movement, while neutrals reach the detector
next via EOF only.

Anions arrive last since EOF must counteract the action of

electrophoretic flow to produce movement, decreasing their overall velocity.
While the principles behind each technique are the same, microchip
electrophoresis has several advantages over traditional CE. Similar to microfluidics,
microchip analysis permits the integration of several processes on a chip such as sample
purification, separation, and analysis.45, 46 In addition, multiple analyses can also be run
simultaneously in parallel channels, the number of which is limited only by chip design.
Furthermore, the short length of the channels allows for higher field strengths to be
obtained with lower applied voltages, decreasing analysis time and lowering the amount
of Joule heat generated without sacrificing resolution.
Though CE systems have been coupled to a variety of detectors, such as UV
absorbance, laser induced fluorescence (LIF), electrochemistry, radiochemistry, mass
spectrometry, microchip separations have primarily focused on integrating LIF and
electrochemical detection schemes on the chips. The choice of these two schemes as the
forerunners is not illogical as the two are the most commonly used detectors for CE due
to their high sensitivity. LIF detection has transitioned well from use in capillaries to the
microchip format based on its compatibility with device dimensions and fast response
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time. This detection scheme is typically set up with the excitation light from a heliumneon or argon ion laser orthogonal to the device, while the emission is collected with a
separate objective.47

Unfortunately, very few analytes are natively fluorescent and

consequently, must be derivatized at a free amine, thiol, or hydroxyl moiety prior to
detection. This derivatization step can often be integrated into the chip, either pre- or
post-channel, by including additional chambers into the design.25, 47 When the analytes of
interest are electroactive, however, it is possible to circumvent the need for particular
moieties to be present on the molecule and the creation of a more complex chip design by
employing electrochemistry as an alternative detection scheme.
As with traditional capillary techniques, electrochemical detection has found
widespread use for electrophoresis due to its selectivity and sensitivity (Figure 1-5). Its
use for microchip electrophoresis is particularly intuitive as the same lithographic
techniques mentioned above for fabrication of the separation channels can also be used to
create the detection electrodes. The electrodes have been made out of a variety of
materials such as gold, platinum, palladium, and carbon.

Typically, these electrodes

have limits of detection (LOD) in the nanomolar range, which is on par with those used
with traditional CE.25, 48
However, in line with the improvements made by miniaturizing electrophoresis,
efforts have been made to increase the efficiency and efficacy of detection and lower
LODs. Electrochemical detection is commonly carried out in the amperometric mode
with the voltage applied on the electrode held at a constant overpotential versus a
reference. As analytes encounter the working electrode surface following separation,
they are either oxidized or reduced to produce a measurable current. A variation of this
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Figure 1-5. Microchip separations of neurotransmitter compounds. A) Determination of
catecholamine and metabolite content from a mouse brain homogenate with
electrochemical detection modified with the addition of carbon nanotubes to the
electrodes. Catecholamines (noradrenaline, NA, adrenaline, A, dopamine, D, serotonin,
5-HT) and their metabolites (normetanephrine, NME, homovanillic acid, HVA,
metapherine, ME, methoxytyramine, MT) were separated in the microchannel to yield
values comparable to those obtained by traditional techniques. Reprinted with
permission from reference 49.49B) Microdialysis sampling, separation, and
electrochemical detection of catecholamine release from a confluent PC12 population.
Shown in 1 is a micrograph of stimulated cells in culture dish with a probe membrane
sampling release, which is separated on an integrated microdialysis, microchip
electrophoresis, and electrochemical detection device. The separation (1’) demonstrates
the ability to sample from the population while maintaining temporal resolution.
Reprinted with permission from reference 50.50
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mode, pulsed amperometric detection, utilizes a three step waveform to first clean the
electrode with a high positive potential, then the surface is reactivated with a negative
potential, and lastly the analyte is detected with a moderate potential.51 This type of
detection allows for the more effective use of noble metal electrodes which lose activity
during the normal amperometric mode. Sinusoidal voltammetry, which has also been
used for microchip detection, utilizes a large amplitude sine wave as the applied
waveform for frequency domain analysis. The translation of the raw time data to the
frequency domain allows for the background to be better subtracted from the signal to
obtain faradaic current and generate a “fingerprint” for each species to aid in
identification along with migration time from the separation.52

Overview of the dissertation
Analytical techniques are constantly evolving in order to gain new information
and insights about the complex processes that encompass cellular communication. To
this end, this dissertation utilizes both established techniques in addition to developing
novel platforms to study cellular networks and the effects of different treatments on the
cells of model systems. A microfluidic device was developed and fabricated to determine
the actions of cells within a network in chapter 2. This device, composed of a lower
pharmacological layer and an upper bulk flow layer, utilizes hydrodynamic focusing to
individually address regions of cells on the device with various chemical agents without
exposing the entire population. In this manner, interactions between the exposed cells
and the rest of population can be monitored overtime. The characterization of the device
by both fluorescence and electrochemistry is described. The experimental data correlate
well with simulation values, indicating that the flow streams introduced through the
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lower layer can be manipulated through varying the flow rates of fluid sent through the
bulk channels to limit diffusion. Via this hydrodynamic focusing, a solution of Triton-X
100 was introduced to lyse cells in a certain area, further demonstrating the control the
device affords over fluid flow.
Patterning of cells onto this microfluidic platform is necessary to take full
advantage of its addressability capabilities. In this manner, one can dictate where both
cells and their processes lie on the device. To this end, a novel patterning technique,
sucrose lift-off lithography, was developed as a biocompatible alternative to traditional
patterning schemes and described in chapter 3. With this scheme, a sacrificial layer of
sucrose was initially deposited and caramelized onto both glass and polydimethylsiloxane
(PDMS) substrates. The substrates were then coated with the negative photoresist, SU-8,
which was patterned via photolithography. This technique exposes the substrate only in
defined well areas, which were subsequently loaded with laminin, a cell adhesion protein,
before a suspension of PC12 cells was deposited. The cells fell into the wells on the
substrate in a distinct pattern. Exposure to the aqueous culture medium dissolved the
underlying sucrose over time, leaving only the patterned cells on the substrate. These
were found not only to be viable, but also functional. Functionality was determined
following cell stimulation to observe both the fluorescent increase associated with
calcium influx and the release of neurotransmitters by exocytosis. For both sets of
studies, cell response did not diminish for the patterned cells versus controls. Further,
this technique was also employed to pattern the processes of PC12 cells, displaying its
utility for creating cell networks.
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In chapter 4, PC12 cells were also utilized to help elucidate the mechanism behind
the action of pramipexole (PPX), a dopamine receptor type 2 (D2) agonist prescribed for
the physical symptoms associated with Parkinson’s disease, restless legs syndrome, and
fibromyalgia. Though the drug is known to interact with the D2 receptor family, the
mechanism behind its action remains unclear. In this study, PC12 cells were incubated
with PPX for one hour and twenty-four hour time periods, then interrogated with calcium
imaging, fast-scan CV, and amperometry. Incubation with the drug was found to affect
the relative amount of calcium influx acutely, in addition to decreasing the amount of
dopamine released from vesicles following stimulation. Additionally, it was determined
that PPX was also packaged into vesicles along with dopamine.
The effects of gene knockouts on calcium signaling and exocytosis were also
examined using hippocampal neurons and mast cells harvested from wild-type (WT),
GODZ and SERZ-β knockout (KO), as well as GODZ and SERZ-β double knockout
(DKO) mice. GODZ and SERZ-β are palmitoyl-acyltransferaces whose major function
is to palmitoylate proteins involved in synaptic transmission.53, 54 Calcium imaging and
amperometry were employed in Chapter 5 to determine how the loss of GODZ as well as
its analog SERZ-β affected both cell types. The processes of double knockout neurons
interrogated with calcium imaging were found to have significant decreases in the
amount of calcium influx and release from intracellular stores when compared to WT in
both the presence and absence of calcium in the surrounding solution. The somata of the
double knockout neurons as well as the GODZ and SERZ-β knockout mast cells were not
found to have any significant differences from their respective WT counterparts.
Exocytotic release from both types of knockout mast cells were found to have their
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release kinetics altered for both histamine and serotonin secretion from that observed
with WT cells. Additionally, the number of the molecules released for both compounds
significantly changed in the knockout cells versus WT.
The development of microchip electrophoresis device with coulometric detection
is reported in Chapter 6. This device utilizes on-column coulometric detection, which
was patterned lithographically with photoresist and subsequently pyrolyzed to form a thin
(500 nm) carbon electrode. The desirable qualities of these carbon electrodes (wide
range of analytes, reduced likelihood for fouling, etc.) make them ideal for including in a
coulometric detection scheme. Here, a short channel height has been combined with the
electrode pyrolyzed onto a quartz wafer to minimize the diffusion in the separation
channel. The microchip was fabricated and characterized prior to separation of the a
mixture containing the transmitter compounds, dopamine and serotonin.
Lastly, chapter 7 concludes this dissertation with details concerning the future
directions of several projects.
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Chapter 2
Characterization of a microfluidic device for studying
neural network communication
Introduction
The use of microfluidics as an analytical tool to investigate cellular studies has
become widespread in recent years.1-5 The field of neuroscience, however, has yet to
take full advantage of the technique’s utility for studying brain function. The millions of
neurons in the brain communicate in with each other in complex networks that govern
both primitive and complex cognitive functions in the body. While the basics of how
neurons communicate is known, many fundamental questions must still be answered
regarding the behavior of neurons in a network, particularly behaviors related to
neurodegenerative diseases and the processes behind learning and memory. For example,
if certain cells in a neural network die, how are the others affected? Will an action
potential travel in the same manner as before? Will new connections form between
neurons, or will current connections be reinforced? Learning the effects of various toxic
and protective compounds on neurons in a network will provide important clues on the
nature of neurodegenerative diseases and how new therapies can be developed.
Current analytical techniques for studying neural network communication involve
bathing the entire culture in the chemicals being investigated6-8 or using glass
micropipettes to expose single neurons in an in vitro network to different solutions9-11.
Unfortunately, neither of these methods allow individual or small patches of cells to be
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exposed selectively since all cells are exposed to the treatment in the case of a bath or the
majority exposed via the rapid diffusion of solutions after being “puffed” out of pipettes.
The use of microfluidic devices offers an alternative analytical tool for studying how
neurons in a network communicate and behave when stimulated by various means.
These devices are most often made of polydimethylsiloxane (PDMS), a silicone polymer,
which is easy to synthesize, inexpensive, transparent, and biocompatible.12 With PDMS,
many disposable microfluidic devices can be fabricated from a single master mold made
by conventional photolithography.13,

14

Unlike micropipettes, microfluidic devices are

capable of automation, with the large number of channels allowing for continuous, highthroughput delivery of pharmacological agents to patterned cells. In addition, since flow
in microfluidic devices is laminar, there is minimal mixing or diffusion of the solutions.15,
16

While several researchers have begun to integrate fluidic systems for perfusion and

treatment with cultures,17-23 these systems feature complex designs that require advanced,
multiple-step microfabrication techniques or expensive equipment, such as lasers.
Further, these systems also do not allow multiple cells to be addressed in culture with
different solutions at various locations to date.
In this chapter, the characterization of a microfluidic device for studying neural
network communication is described. This simple microfluidic platform consists of two
layers: a bottom layer of channels used for the delivery of pharmacological solutions to
specific cells in the network (pharmacological channels) and a top layer of channels for
directing the flow stream of the pharmacological solutions, along with the future role of
perfusing the cells with media (bulk flow channels). By varying the flow rates, the
direction and height of the fluid streams can be altered, allowing cells in specific
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locations to be selectively stimulated or exposed to different drugs, toxins, and other
pharmacological solutions. Computational fluid dynamics (CFD) simulations, as well as
confocal fluorescence microscopy and carbon-fiber amperometry experiments were
completed to determine the direction and height of the flow streams at various flow rates.
Characterization of the flow profiles is the first vital step to be taken so in the future cells
can be selectively stimulated and neural network activity studied with this unique system.
Further, to demonstrate the focusing and directional capability, PC12 cells were plated
onto the surface of the device and lysed selectively with the detergent Triton X-100.

Materials and Methods
Device Fabrication
Masks were designed in Adobe Illustrator CS2 and printed onto transparency
films by a laser photoplotter (The Photoplot Store, Colorado Springs, CO, USA).
Fabrication is detailed in Figure 2-1. The pharmacological channel layer was made by
depositing two 100 μm thick layers of SU-8 50 photoresist (MicroChem Corp., Newton,
MA, USA) onto a silicon wafer and exposing them sequentially with a mask aligner (Karl
Suss MA6, Suss Microtec, Waterbury Center, VT, USA) according to the resist
manufacturer protocol. The mold for the bulk channels was also photolithographically
fabricated with a single 200 μm layer of SU-8 100 resist. A 10:1 (base:curing agent)
mixture of PDMS prepolymer (Sylgard 184, Dow Corning, Midland, MI, USA) was
poured onto the master molds and cured in an oven at 70 °C for 2 h.

For the

pharmacological master, a weight was placed above the mold allowing the PDMS to form
a thin, even layer with the posts so outlet holes would form. The PDMS was peeled
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Figure 2-1. Microfluidic device fabrication scheme. A) The master for the lower
pharmacological layer is produced from two layers of photoresist, which are exposed
sequentially through masks (steps 1 and 2). PDMS and a weight are then placed onto the
master (step 3), which is cured. The bulk channel layer involves a single photoresist
layer and exposure (steps 1’ and 2’) to create the larger channel. Following PDMS
curing on both masters, the polymer is removed and adhered to a glass slide by exposure
to oxygen plasma (steps 3’ and 4). B) Cartoon depiction of the device showing nine
pharmacological channel outlets and two bulk flow channels. In future studies, cells will
be cultured on the surface in between the nine outlet holes. Inlet holes and NanoPorts™
are not shown on both A) and B) for sake of simplicity.
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away from the master molds and 1.5 mm inlet holes removed with a leather punch. The
pharmacological channel layer of PDMS was exposed to oxygen plasma and bonded to a
glass slide, with the bulk channel layer subsequently bonded on top of the
pharmacological channel layer. For the purposes of this study, only two bulk channels,
arranged perpendicular to each other, were attached to the pharmacological layer for ease
in flow characterization. The distance between the exits of these bulk channels and the
pharmacological channel outlet holes was varied to investigate the effects of distance on
flow exiting the pharmacological channels.

NanoPorts™ (Upchurch Scientific, Oak

Harbor, WA, USA) were assembled according to the manufacturer’s instructions and
attached to the pharmacological channel inlet holes.

Computational Fluid Dynamics Simulations
CFD simulations were performed with Comsol Multiphysics 3.5, a finite element
analysis solver.

A two-dimensional geometry was used to model the microchannel

device to create a cross-sectional view of the fluid flow. The following constants were
used: diffusion coefficient, D = 4.0 x 10-10 m2 s-1; density, ρ = 1.0 x 103 kg m-3; dynamic
viscosity, μ = 1.0 x 10-3 Pa s; initial concentration, c0 = 3.6 x 10-5 mol L-1.
Incompressible Navier-Stokes equations were initally solved, given by:

∂u
+ ρu ⋅ ∇u = −∇p + μ∇ 2 u
∂t

∇⋅u = 0
where u is velocity, t is time, ρ is density, p is pressure, and µ is dynamic (absolute)
viscosity. Subsequently, equations for convection and diffusion,
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∂c
+ u ⋅ ∇c = D∇ 2 c
∂t
were solved, where c is concentration, t is time, u is velocity, and D is the diffusion
coefficient.

Confocal fluorescence microscopy
Syringe pumps (Harvard Apparatus, Holliston, MA, and KD Scientific, Holliston,
MA) were used to control the volumetric flow rates of 36 μM fluorescein isothiocyanate
(FITC, Sigma, St. Louis, MO) solution and water in the microfluidic system. The pumps
were interfaced with the NanoPorts™ and inlet holes of the PDMS microchannels via
plastic syringes connected to polyethylene tubing. Fluorescence images were acquired
with a laser scanning confocal microscope (Carl Zeiss LSM 5 Pascal, Thornwood, NY).

Amperometry
Syringe pumps were likewise utilized in conjunction with plastic syringes and
polyethylene tubing to control the volumetric flow rates of solutions of 100 μM catechol
(Sigma, St. Louis, MO), 1 M potassium chloride (KCl, Sigma, St. Louis, MO), and water
in the microfluidic system.

A carbon-fiber microelectrode (5 µm diameter) was

fabricated as described previously.24 Briefly, a carbon fiber is aspirated into a glass
capillary and pulled to pulled to a taper (Model P-2000, Sutter Instrument Co., Novato,
CA), sealed with epoxy, and polished at a 45o angle on a diamond dust-embedded
micropipette beveling wheel (Model BV-10, Sutter Instrument Co., Novato, CA). During
the characterization experiment, the electrode was held at a constant overpotential of
+700 mV versus a Ag/AgCl reference electrode for all experiments. The electrode's
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position in the fluid was controlled with a micromanipulator under a microscope. The
current generated by the oxidation of the catechol was measured and recorded at different
locations within the fluid stream, as the electrode was moved incrementally in a vertical
direction.

Results and Discussion
The microfluidic platform
The microfluidic platform is comprised of two layers: a bottom layer consisting of
nine pharmacological channels, each terminating as 100 µm x 100 µm outlet holes on the
surface, and a top layer with channels 200 µm in height and 1.7-2.0 mm wide at the
outlet. The lower channels are capable of delivering pharmacological agents to cells that
will be adhered in between the channel outlet holes on the surface of the device. The top
layer consists of bulk flow channels for flow of water/KCl, or in the future, cell media
across the surface. More importantly, the bulk channels flow solutions perpendicular to
those exiting the pharmacological channels, thereby controlling the direction and height
of the streams of fluid exiting from the pharmacological channels.

Characterization of controlled flow in the device
When dealing with fluids on the microscale, the ability of fluid flow to remain
laminar is an important phenomenon to aid in the prediction of the flow profiles in a
microfluidic system. Laminar flow described by the Reynolds number, Re, is defined as:

Re =

ρdv
μ
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where ρ is density, d is the diameter of the channel, v is linear velocity, and µ is dynamic
(absolute) viscosity. High values of Re (Re > 2300) result in chaotic, turbulent flow with
a high degree of mixing, eddies, and vortices, while lower Reynolds numbers result in
smooth, constant, laminar flow with minimal mixing and diffusion. In the case of the
microfluidic device used here, the flow is laminar (Re < 2, determined by CFD
simulation). This phenomenon allows fluids to flow in constant, predictable, discrete
streams and travel in various directions and at different heights.
Microscope images were acquired showing the top view of the pharmacological
channel outlet holes.

A solution of FITC dye was flowed from the center

pharmacological channel, while water was flowed out of the bulk channel located at the
left (Figure 2-2A), bottom (Figure 2-2B), or the left and bottom bulk channels
simultaneously (Figure 2-2C). As the dye exited the hole, it flowed upward, out of the
plane of the paper. However, because of the bulk flow of water, the FITC was forced to
flow parallel to the surface and not perpendicular. It is easy to see that this directional
flow can be used to apply a specific reagent to a group of cells on a surface.
Furthermore, the flow is laminar since the fluids to flow in a constant, predictable, and
discrete stream.
In addition to controlling the direction of fluid flow, controlling the height of the
flow streams is also important as this allows for the application of reagents to one set of
cells and away from subsequent cells. Initially, CFD simulations were performed to
predict the expected flow profile for comparison with experimental data acquired with
confocal microscopy and amperometry. A two-dimensional model was used to
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Figure 2-2. Fluorescence microscopy images of a FITC stream (20 mL min-1) exiting a pharmacological channel outlet and
directed by bulk flow of water (2000 μL min-1) to A) the right, B) upwards, and C) upwards and to the right. Bulk flow
channels are not show in the images. Scale bar = 400 μm.

Figure 2-3. Adjacent flow streams in the pharmacological layer utilized to selectively
expose certain areas of the device. A) CFD simulations showing the side-view
concentration profile of FITC flow. The height of the FITC stream was measured 100
μm away from the water outlet hole. Scale bar = 200 μm. B) Confocal fluorescence
image of FITC flow viewed from the side at a 20o angle above the surface. The displaced
height of the FITC stream was measured 100 μm away from the water outlet hole. The
bulk channel is not shown in the image. Scale bar = 200 μm. C) Plot of FITC flow
stream height compared to the bulk flow rate of water and distance, d, from the bulk
channel to the outlet hole of FITC. Points show theoretical height calculated from
simulations (n =1) and the average height measured by confocal microscopy (n=4). The
standard error of the mean ranges from 3 to 16 for each bulk flow rate for the confocal
measurements.
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Figure 2-4.
Electrochemical characterization of adjacent fluid flow in the
pharmacological layer. A) Top-view microscope image of the amperometry setup
showing two adjacent pharmacological channel outlet holes and a carbon fiber electrode.
The reference electrode and bulk flow channel are not show. Scale bar = 100 μm. B)
Plot of the displaced height of catechol flow stream compared to the bulk flow rate of
KCl solution and distance, d, from the bulk fluid channel to the catechol channel outlet.
Points show theoretical height calculated from simulations (n = 1) and average height
measured by amperometry (n = 4). The standard error of the mean ranges from 15 to 20
for each bulk flow rate for the amperometric measurements.
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investigate the interaction between the bulk flow of water and two adjacent
pharmacological channels delivering FITC and water. The results of these calculations
are shown in Figure 2-3A. For these simulations, the flow rates of the solutions exiting
the pharmacological channels were held constant at 20 µL min-1, while the flow of water
from the bulk channel was varied from 1000 to 2000 µL min-1 in 250-µL min-1
increments (linear velocity at the channel outlet ranged from 4167 to 9804 µm s-1). At
each flow rate, the height of FITC was measured 100 µm to the right of the water outlet
hole. The dye solution flowed upward but quickly turned to the right due to the influence
of the bulk flow of water. The FITC stream continued to flow to the right, staying in
contact with the surface, until reaching the water stream from the adjacent
pharmacological channel. At this point, the flow of water from the adjacent channel then
forced the FITC stream further upward, driving the FITC away from the surface. This
process can clearly be used to apply a reagent to cells located to the right of the first
channel outlet, while avoiding application to cells located beyond the second outlet hole.
Simulations of the FITC flow stream have been compared to flows measured
experimentally with confocal fluorescence microscopy under similar conditions.

A

confocal microscope was utilized to acquire multiple images, each on a separate focal
plane, which were merged together to yield a three-dimensional image that can be viewed
from different angles.

The flow profile obtained with confocal microscopy (Figure 2-

3B) shows FITC flowing up after exiting the channel, and then traveling to the right in
contact with the surface of the device. As shown with the CFD simulation, once the
FITC reached the adjacent water pharmacological channel, the FITC stream flowed
further upward.
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Carbon-fiber amperometry was also performed to complement data collected with
CFD simulations and confocal microscopy.

The characterization of flow by

amperometry was performed under the same conditions as the confocal experiments, with
electroactive catechol replacing FITC and the use of KCl solution in lieu of water for
bulk flow to allow current conduction through the solution.

A microelectrode was

positioned 100 µm to the right of the water outlet hole (Figure 2-4A) and the current was
measured at various heights. Near the surface, no current was detected, indicating that
only water, which is not electroactive at the potential applied to the electrode, was
present. However, as the height of the electrode was increased, measurable current was
detected, indicating the presence of catechol due to its oxidation to o-benzoquinone.
Profiles generated from these data correlate well with the confocal images and
simulations of the FITC/water interaction.
Two parameters in this experiment affected both the heights of the FITC and
catechol streams exiting the pharmacological layer, the bulk flow rate and the distance (d)
from the bulk flow channel to the FITC/catechol outlet hole (Figure 2-3C and 2-4B).
While keeping the pharmacological channel flow rates constant at 20 µL min-1, the
FITC/catechol streams decreased in height as the bulk flow rate increased. As its rate
was increased, bulk flow had more of an influence on the FITC/catechol height, forcing it
to be more parallel with the surface of the device.

At low bulk flow rates, the

FITC/catechol flow rate was more dominant, causing that stream to travel in a more
upward direction.
Further, the distance of the bulk flow channel to the FITC/catechol outlet hole
also played a role in the height of the FITC/catechol stream. When the bulk flow channel
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was closer to the FITC/catechol outlet hole, the linear flow rate of water was higher
versus a lower linear flow rate when it is farther away and influences the height of
FITC/catechol to a lesser degree. Since a typical cell is 10-20 µm in diameter, the fastest
flow rate used in these experiments (2000 µL min-1) would cause the FITC or catechol to
be approximately 130 µm in height (Figure 2-3C and 2-4B), thereby circumventing cells
in the region near the water outlet hole.
Though the displacement height calculated by CFD simulations follows a similar
trend when compared to those measured by confocal microscopy and amperometry
(Figure 2-3C and 2-4B), some discrepancies exist between the simulations and
experimental results. At higher bulk flow rates, the simulations and the experimental
data are not significantly different at 95% confidence, while they are significantly
different at lower rates. These differences occur because the simulations were performed
in only two dimensions, they did not take into account the parabolic flow profile in the
missing dimension (across the surface of the device). With this flow profile, the highest
velocity occurs over the center set of outlet holes while the velocity decreases as the flow
spreads outward. Since the confocal and amperometry experiments were completed
using the outlets not directly in the center of the flow, the CFD simulations, although
similar, do not completely agree with the experimental data.

Selective Lysis of PC12 cells by controlled flow
In order to interrogate the device with cells, PC12 cells were adhered to the
surface of the pharmacological layer with the adhesion protein laminin. At t = 0 s, cells
cover the majority of the surface (Figure 2-5A). A solution of 0.1% Triton X-100 was
flowed through the bottom right channel at 20 μL min-1, while a bulk flow of cell media
39
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Figure 2-5. Time course for selective lysis experiment of PC12 cells with 0.1% Triton X-100 solution. Bulk flow of media was
sent upward in the device (1750 μL min-1), while the Triton X solution was sent through the bottom right channel (20 μL min-1).
A) t = 0 s, cells are visibly attached to the device in all areas. B) t = 30.8 s, the membranes of cells directly above the detergent
hole begin to be solubilized (highlighted by arrow). C) t = 54.7 s, cells have been lysed and are no longer attached to the device
surface. Scale bar = 100 μm.

was sent across at 1750 μL min-1. The cells in the line of the flow begin to be lysed upon
interaction with detergent (Figure 2-5B). Following lysis, the cells no longer were able
to adhere to surface and were removed by the flow of solution. After approximately 60
of exposure, only the cells directly addressed by the solutions were lysed and removed
from the surface on the device (Figure 2-5C).

Conclusions
A PDMS microfluidic device for investigating neural communication has been
successfully fabricated by photolithography and oxygen plasma bonding. Computational
fluid dynamics simulations, confocal fluorescence microscopy, and carbon-fiber
amperometry have been used to characterize the flow profiles by measuring the height
and direction of the flow streams. This control of the flow was demonstrated with
selective lysis of PC12 cells by Triton X-100 solution. Directed flow will subsequently
be used to stimulate and expose cells in different areas of a patterned neural network.
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Chapter 3
Biocompatible Sucrose Liftoff Lithography for Spatial
Control of Cell Adhesion
Introduction
The ability to control cell attachment and growth has increased in recent years as
the ease of fabricating microscale devices for cellular analysis has improved.1-3 Directed
cell growth on these types of devices facilitates the multiplexing of measurements, drug
screening, and the reproduction of cellular networks which more closely mimic in vivo
conditions. Consequently, many researchers have taken advantage of these capabilities to
better investigate cell interactions. For instance, a patterning chip has recently been
developed that facilitates the growth of stem cells into colonies.4 As single cells are
allowed to grow independently, they are able to proliferate and migrate, gradually
increasing the amount of signaling that occurs between each set of cells.

Another

application involves patterning several types of cells together to mimic in vivo
conditions.5 In this co-culture platform, the delicate interplay between cells found in
biological systems, which involves the release and uptake of soluble and chemical
factors, can be better replicated and examined. Furthermore, arrays of neurons have also
been designed to interact through patterned processes.6, 7 By simplifying the connections
within the network, the intricacies of neuronal communication and function can be better
understood.
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A variety of techniques have been developed and applied to cell patterning, which
include microcontact printing (μCP) and the use of stencils to direct cell attachment and
growth.

Pioneered by Whitesides et al.8, 9, μCP utilizes an elastomeric stamp that

contains a positive relief of the pattern desired on the substrate. The stamp is coated with
molecules that are subsequently deposited on the surface in a particular arrangement,
leaving a layer of the molecules where the stamp contacted the substrate. Typically, cell
adhesion proteins serve as the deposited molecules, which allow cells to preferentially
adhere to the substrate in regions containing the protein.

Another technique often

employed is the use of stencils to pattern cell adhesion molecules.10 These stencils
consist of a series of wells or barriers fabricated in a polymer (e.g., PDMS). The exposed
regions in the polymer allow the adhesion molecules to be deposited in the desired
pattern. The stencil is then removed, leaving the molecules in areas of the substrate
where cells can adhere.
As described recently by Bellan and coworkers, sugar can be utilized as a
sacrificial structure for creating biologically relevant designs.11 This chapter similarly
illustrates the use of sugar as a sacrificial layer for a novel cell patterning technique,
sucrose lift-off lithography. Sucrose lift-off lithography combines the biocompatibility of
sucrose with the patterning capabilities of photolithography.

Similar to stenciling,

sucrose lift-off utilizes barriers to deposit adhesion proteins in the exposed areas of a
substrate. With the initial deposition of sucrose prior to patterned SU-8 photoresist, the
barriers are removed by dissolution of the sucrose after prolonged exposure to a cell
suspension rather than by a mechanical means. In this manner, the patterned proteins and
cells are not disturbed when the photoresist is removed.

Herein, sucrose and
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lithographically patterned SU-8 resist have been employed to fabricate wells on both
glass and PDMS, both of which are commonly used as substrates for cell assays and
microfluidic devices. We demonstrate the utility of sucrose lift-off for cell patterning by
depositing PC12 cells in arrays. Following patterning, cell viability and functionality
were determined with both fluorescent and electrochemical measurements. In addition,
the processes of differentiated PC12 cells were patterned to demonstrate the utility of the
technique to define the interactions of cellular networks.

Materials and Methods
Materials
All chemicals were used as received. SU-8 25 photoresist and developer were
purchased from Microchem Corp. (Newton, MA, USA). Sucrose, hydrogen peroxide,
sulfuric acid, glass slides, and glass coverslips were purchased from VWR International
(West Chester, PA, USA).

Sodium chloride, calcium chloride, magnesium chloride

hexahydrate, potassium chloride, glucose, HEPES, laminin, and poly-L-lysine were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Sylgard 184 (PDMS) was

purchased from Dow Corning (Midland, MI, USA). Isotonic saline used for fluorescence
and electrochemical experiments consisted of 150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2,
5 mM glucose, 10 mM HEPES, and 2 mM CaCl2 (pH 7.4) dissolved in doubly distilled
water.

Lift-off Lithography
A detailed procedure for sucrose well fabrication is given in the fabrication
subsection of the Results and Discussion below. Briefly, a 2 g mL-1 solution of sucrose
45

was spun onto both glass and PDMS substrates (1000 rpm, 10 s) to create 30-μm thick
layer. Both glass slides and coverslips served as the base for these substrates. The glass
was initially piranha cleaned (70:30 sulfuric acid:hydrogen peroxide) to improve sucrose
adherence (Caution should be taken when handling piranha solution, a strong oxidizer).
For PDMS substrates, the glass was coated with a thin layer of PDMS to provide support
for the flexible polymer. PDMS substrates were exposed to oxygen plasma prior to
sucrose coating to aid in adherence of the sugar solution. SU-8 25 was subsequently spun
on to the substrates (25-μm thick, 2000 rpm, 30 s) and exposed through a chrome mask
defining the wells (Photoplot Store, Colorado Springs, CO, USA) with a Karl Suss
MA/BA6 aligner (Suss Microtec, Waterbury Center, VT, USA).

A second mask

(Photosciences, Inc., Torrance, CA, USA) was utilized for the process patterning, which
defined both wells and the channel connection between them. Unpolymerized resist was
then removed by manual agitation of the substrates in SU-8 developer for 4 min.

Cell Culture
Stock PC12 cells were obtained from American Type Culture Collection
(Manassas, VA, USA) and maintained as described previously.12 Briefly, the cells were
grown on collagen IV-coated flasks in supplemented RPMI-1640 medium.

When

confluency was reached (approximately every 7-9 days), cells were detached from the
flask, suspended in medium, and deposited on laminin-coated control dishes (1 μg μL-1)
with both glass and PDMS bottoms for three days before experiments were performed.
For sucrose-patterned experiments with PC12 cells, the cell adhesion protein
laminin (1 μg μL-1) was deposited onto the well structures on both glass and PDMS
substrates.

PC12 cell suspensions were then deposited onto the coated slides and
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allowed to incubate for three days. During this incubation, the upper photoresist layer
became detached from the slides as the sucrose dissolved in the medium, leaving only the
cells adhered to the substrate. To pattern the processes of PC12 cells, glass slides
patterned with wells and channels were also pre-coated with laminin. A cell suspension,
which included 50 ng mL-1 nerve growth factor (NGF, Invitrogen, Carlsbad, CA), was
deposited onto the well structures. The patterned cells were subsequently imaged after 6
days of NGF exposure to observe differentiation and process growth.

Cell Functionality Studies
Both fluorescence microscopy and amperometry were utilized to determine cell
viability and functionality following patterning. Cell viability was observed using calcein
AM (10 µM in isotonic saline, Invitrogen, Carlsbad, CA) fluorescence on a confocal
microscope (Leica TCS SP5, Bannockburn, IL). Subsequently, additional substrates with
patterned cells were incubated with fluo-4 AM (11 µM in isotonic saline, Invitrogen,
Carlsbad, CA) to measure cell excitability via changes in intracellular calcium
concentration. Prior to recording, media was replaced with isotonic saline. Cells in
different areas of the grid were stimulated with 100 mM potassium in isotonic saline via a
micropipette positioned approximately 40 µm from the cell. Changes in fluorescence
intensity were normalized and background corrected using the equation,

F F(t) − F0
=
F0
F0 − Fb
where F/F0 denotes the change in intensity, F(t) is the fluorescence at time t, F0 is the
fluorescence observed at time zero, and Fb is the background fluorescence. All
experiments were performed at 37 ± 1 °C.
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Cell functionality was also determined using amperometry to measure the
exocytotic release of electroactive dopamine. A 5-μm carbon-fiber microelectrode was
constructed as described previously.13 Briefly, a single carbon fiber was aspirated into a
glass capillary, which was pulled to a taper (Model P-2000, Sutter Instrument Co.,
Novato, CA), and sealed with epoxy. Just prior to amperometric experiments, electrodes
were polished at a 45o angle on a diamond dust embedded micropipette beveling wheel
(Model BV-10, Sutter Instrument Co., Novato, CA). The beveled surface of the electrode
was positioned on top of a patterned cell to ensure all dopamine released was oxidized at
the electrode. To perform electrochemical measurements, the electrode was held at a
constant overpotential of +700 mV against a silver/silver chloride reference electrode
using a commercially available patch-clamp instrument (Axopatch 200B; Molecular
Devices, Sunnyvale, CA). Experiments were performed at 37 ± 1 °C, and cellular release
was stimulated by micropipette containing 100 mM potassium in isotonic saline. The
current resulting from the oxidation of dopamine was digitized at 5 kHz and filtered at 2
kHz using an internal 4-pole lowpass Bessel filter with a DigiData 1440 A (Molecular
Devices, Sunnyvale, CA). Data were displayed in real time and recorded with Axoscope
10.1 software (Axon Instruments, Inc., Union City, CA) for subsequent analysis with
Mini Analysis software (Synaptosoft Inc., Fort Lee, NJ).

Statistics
Statistical analysis of both imaging and amperometric data was performed using
Prism 5.02 (GraphPad Software, La Jolla, CA). Calculated F/F0 values were pooled from
all control and respective treatment groups and tested for statistical differences.
Parameters calculated from amperometric events were averaged per cell and these
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averages pooled across treatment groups and subsequently tested. Results for both the
Student t-tests and one-way analysis of variance (ANOVA) were considered significant if
associated p values were < 0.05. All values are reported as the mean ± SEM and all plots
were created using Prism.

Results and Discussion
Well Fabrication
The fabrication scheme for the patterned wells is outlined in Figure 3-1. Wells
(30 x 30 μm) were fabricated on sucrose-coated glass and PDMS substrates in a
rectangular array (60 µm edge-to-edge spacing) with SU-8 photoresist. Initially, the 30μm thick sucrose layer was caramelized (200 oC, 10 minutes) to create a stable layer for
the resist (Figure 3-1A). The resist is subsequently spun and exposed through the mask
to crosslink the well barriers (Figure 3-1B-C). After developing, wells were formed in
the SU-8 layer. An ensuing rinse with distilled water dissolved sucrose only in the
exposed wells to uncover the underlying glass or PDMS (Figure 3-2A). This rinse also
served to remove the residual organic solvent on the substrates that might remain
following the development step. Since the solvent is not biocompatible, it is critical that
it never contacts either proteins or cells. Although this fabrication was completed in a
cleanroom environment, the procedure could easily be translated to a laboratory with
access to a spinner and a UV source, making pattern creation cost-efficient and available
to more researchers.
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Figure 3-1. Fabrication scheme and cell patterning procedure for sucrose lift-off
lithography. Initially, a 30-μm layer of sucrose (green) is spun onto the substrate, either
glass or PDMS (A). SU-8 photoresist (tan, 25-μm layer) is subsequently spun on top of
the sucrose (B), before being exposed through a chrome mask (C). Following the
removal of unexposed resist and the underlying sucrose layer in only the exposed areas of
the substrate, the cell adhesion protein laminin (blue) is deposited into the well array (D).
The array is then incubated with a cell suspension, allowing cells that settle into the wells
to adhere to the laminin (E). Exposure to the cell medium eventually causes the sucrose
layer to dissolve and the SU-8 layer to lift-off the surface, leaving only the adhered cells
on the substrate.
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Figure 3-2. Wells fabricated on glass (A), scale bars = 100 μm. Brightfield (B) and fluorescent viability (C) images of cells that were
patterned according to well design after sucrose was removed from a glass substrate. Scale bars = 50 μm. Images of wells and cells
patterned on PDMS substrates were similar and omitted for simplicity.

Cell Patterning and Viability
Following sterilization under UV light, laminin was deposited in the patterned
wells of glass and PDMS substrates (Figure 3-1D).

The cell suspension was

subsequently added to plate cells on the device (Figure 3-1E). Over the course of 1–3
days, the cell medium dissolved the underlying sucrose layer, causing the SU-8 layer to
lift-off the substrate. As the barriers were removed from either the glass or PDMS, only
the cells adhered to the substrates remained on the surface. Neither the growth of the
cells nor their spatial pattern was disturbed by the removal of the barriers (Figure 3-1F).
PC12 cells were chosen to determine cell viability and functionality on the array.
These cells are an immortal cell line derived from rat pheochromocytoma often used as a
neuronal model since they store and release neurotransmitters via exocytosis.14 Patterned
cells adhered to the array were loaded with calcein AM dye to determine viability.
Calcein AM takes advantage of intracellular esterase activity, fluorescing only when the
acetomethoxy (AM) ester is cleaved from the rest of dye molecule inside an intact cell.
Cells incubated in the wells were found to be alive and healthy, showing no differences in
size or morphology when compared to control cells (Figure 3-2B-C). Though these data
show exposure to the sucrose and SU-8 wells do not affect viability, it is also necessary
to determine if the cells retain their neuronal-like characteristics.

Cell Functionality
The influx of extracellular calcium following potassium stimulation was
measured for control (laminin-coated glass and PDMS substrates) and sucrose-patterned
cells following patterning.

Potassium stimulation causes the cell to depolarize and

calcium channels to open, triggering an influx of calcium from the surrounding solution,
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which binds the fluo-4 dye loaded into the cells to cause an increase in fluorescent
intensity. Fluorescent intensity traces for the different cell types are similar in shape and
the duration of the calcium influx (representative traces are shown in Figure 3-3A). The
maximum intensity change (F/F0) calculated for each type of the substrate significantly
increased for the patterned cells when compared to controls with the Student’s t-test
(Figure 3-3B). With the glass substrates, F/F0 was observed to increase from 2.75 ± 0.13
for cells on the glass alone to 3.52 ± 0.13 for the sucrose-patterned cells (p value <
0.0001). PDMS substrates also displayed a significant increase in the calcium intensity
change with F/F0 values equal to 3.62 ± 0.15 and 4.07 ± 0.15 for cells on PDMS and
patterned cells, respectively (p value = 0.037). Each of these results indicates that
sucrose patterning augments the response of the cells to the potassium stimulus. This
larger increase in intracellular calcium following stimulation for sucrose-patterned cells,
though a variation from control cells, does not indicate the sucrose exposure is harmful as
the patterned cells are observed to be more responsive to the stimulus.
Amperometry was also employed to measure exocytotic release from patterned
cells to determine the effects of patterning on functionality. Following stimulation (in
this case by potassium), exocytosis occurs during which PC12 cells release discrete
quantities (quanta) of the compound dopamine through vesicle fusion with the cell
membrane.14,

15

Each quantum of dopamine released is oxidized upon reaching the

surface of the microelectrode, which is placed above each cell (Figure 3-4A) and held at
an overpotential, to generate a peak in the collected data.

These peaks have been

subsequently analyzed to obtain information about exocytosis.15
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Figure 3-3. A) Representative fluorescent traces of calcium influx measured with fluo-4 dye for each set of cells; the black line
corresponds to laminin-coated glass, the red line to sucrose-patterned glass, the blue line to laminin-coated PDMS, and turquoise line
to sucrose-patterned PDMS. B) Comparison of the average maximum intensity change following potassium stimulation for each set
of cells, laminin-coated glass (n=138 cells), sucrose-patterned glass (n=130 cells), laminin-coated PDMS (n=136 cells), and sucrosepatterned PDMS (n=80 cells). Error bars report the standard error of the mean. * denotes a significant difference between cells plated
on the substrate and their sucrose-patterned cells counterparts with p ≤ 0.05, while *** denotes p < 0.001 (Student’s t-test).

Figure 3-4. Amperometric data obtained from control and sucrose-patterned cells. A)
Micrograph of amperometry experimental setup with the electrode placed directly on the
cell and the stimulation pipette approximately 40 μm away. Scale bar = 10 μm. B)
Representative amperometric peaks generated from the oxidation of dopamine released
by fusion of a single vesicle. From left to right, the peaks correspond to laminin-coated
glass, laminin-coated glass with sucrose added to the incubation medium, sucrosepatterned glass, laminin-coated PDMS, and sucrose-patterned PDMS. C) Comparison of
average amplitude values for each type of cell. ANOVA (for control glass substrates and
the substrates incubated with sucrose (sucrose added to medium and sucrose patterned), p
= 0.0006 (***). D) Comparison of the average number of molecules released per
exocytotic event. ANOVA (for control glass substrates and the substrates incubated with
sucrose (sucrose added to medium and sucrose patterned), p = 0.0025 (**) Values in C-D
correspond to n=15 cells for laminin-coated glass, n=11 cells for sucrose glass (with
sucrose added to the incubation medium), n=9 cells for sucrose-patterned glass, n=18
cells for laminin-coated PDMS, and n=9 cells for sucrose-patterned PDMS.
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As with calcium imaging, sucrose patterned cells on glass and PDMS were
compared to their respective laminin-coated counterparts. The peaks for each subset of
cell display the characteristic sharp rise in current to a maximum value (amplitude)
followed by a more gradual decrease to return to baseline values expected for PC12
exocytosis (representative peaks are shown in Figure 3-4B). Integration of the area under
each peak (Q, charge) can be used with Faraday’s Law, Q = nNF, (where n is the number
of electrons involved in the oxidation, N is the number of moles of dopamine released,
and F is Faraday’s constant, 96 485 C mol-1) to determine the number of moles and
consequently the number of molecules of dopamine released from each vesicle. While no
significant changes were observed for the control and patterned cells on PDMS, both the
amplitude and number of molecules released were found to increase for sucrose-patterned
cells on glass substrates when analyzed with the Student’s t-test (Figure 3-4C-D). The
amplitude of the sucrose-patterned cells increased to 7.48 ± 0.45 from 5.81 ± 0.36 for
the control glass cells (p value = 0.006). The number of dopamine molecules release also
increased from 49,276 ± 4,767 for the control cells to 77,873 ± 7,110 for the patterned
cells. These increases, though deviating from control data, did not appear to adversely
affect cell function since an increase in the number of molecules was observed.
To better determine whether the changes in amplitude and number of molecules
observed were due to the patterning process or the presence of sucrose in the cell
medium, sucrose was added to the medium of plated cells on control glass dishes. The
addition of sucrose at a concentration comparable to that which dissolves during the
patterning process (approximately 3.5 mM) was found also to significantly increase the
amplitude and number of molecules versus control when compared with ANOVA (p
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values equal 0.0006 and 0.0025 for amplitude and number of molecules, respectively).
Consequently, the addition of the sucrose appears to cause the changes observed for the
cells sucrose-patterned onto glass and not the patterning process itself. This conclusion is
also supported by the comparable values obtained for the amplitude (9.16 ± 0.59 and 7.48
± 0.45) and number of molecules and (84,354 ± 5,817 molecules and 77,873 ± 7,110
molecules) for cells with sucrose added to their incubation medium and the sucrosepatterned cells, respectively, with no significant changes between the two found when
comparing with the Student’s t-test.

Patterning Cellular Processes
To further demonstrate the utility of sucrose lift-off as a cell patterning technique,
PC12 cells were differentiated to form processes emanating from the cell body. Upon
exposure to NGF, the cells no longer proliferate, but rather extend varicosities similar to
sympathetic neurons.16 To produce an array that permits the cells as well as their
processes to be placed in defined locations on the substrate, a grid consisting of 20 μm x
20 μm wells connected by 8 μm channels was designed and fabricated. Fabrication of
the connected grid pattern on glass (Figure 3-5A) was accomplished in the same manner
as the wells described earlier with an initial layer of sucrose coating on the slide followed
by a layer of photoresist that was exposed to form the pattern. After a 6-day incubation
period with NGF, PC12 cells plated on the sucrose patterned glass were found to grow
processes along the laminin coated portions of the glass that corresponded to the channels
in the original design to form a grid (Figure 3-5B). The ability to dictate the growth of
processes with sucrose lift-off lithography is particularly exciting since lift-off is
essentially a direct write method, meaning that the pattern is defined on the substrate
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Figure 3-5. A) Fabricated wells connected by channels on glass. B) Differentiated PC12
cells with somata and processes patterned following sucrose removal. Scale bars = 20
μm.
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from the beginning without the need for molds to create the patterning devices as with
μCP and the use of stencils. Consequently, smaller features can be fabricated on the
substrate to better delineate the growth of processes.

Conclusions
Sucrose lift-off lithography has been shown to be a useful alternative cell
patterning technique, allowing for minimal intrusion to cells without sacrificing the
defined patterning capabilities of photolithography. Cells patterned with this method
were found to be viable with an increase in excitability following stimulation. This
increase as well as those observed in the peak amplitude and number of molecules
released during the amperometric experiments appears to be attributable to the inclusion
of sucrose in the culture medium following cell deposition on the substrate rather than to
the patterning process itself. Further, the inclusion of sucrose in the medium does not
appear to be detrimental to the cells; rather, a small but significant increase in the release
of dopamine was observed following sucrose exposure. Additionally, PC12 cells were
differentiated in a defined manner to create a network after dissolving the underlying
sucrose layer with this technique. Because the fragile connections between the cells
remained intact after patterning, networks created in this manner with cells that form
functional synapses could provide a more accurate representation of in vivo conditions.
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Chapter 4
The Effects of Pramipexole on Calcium Signaling and
Exocytosis in PC12 Cells
Introduction
The neurotransmitter dopamine (DA) is involved in the regulation of a variety of
processes such as learning and memory, motor activity, as well as motivation and reward.
Consequently, understanding the interactions between DA and its receptors can provide
clues about how these processes occur within the brain. DA receptors are divided into
two categories: the D1-like family, which consists of the D1 and D5 receptors, and the
D2-like family, which consists of D2, D3, and D4. These receptors differ in amino acid
sequence, pharmacological profiles, and signal transduction upon their activation. D1like receptors are generally excitatory and stimulate adenylate cyclase activity, which
generates cyclic adenosine monophosphate (cAMP) from adenosine triphosphate (ATP)
to be used as a secondary signaling molecule.1 The D2-like family, on the other hand,
inhibits adenylate cyclase activity, increases potassium conductance, and receptors in this
family are typically inhibitory.
Receptor function is often interrogated with the use of agonists and antagonists.
Of note in this chapter are the agonists, which bind and activate receptors to elicit a
response similar to the endogenous messenger itself (in this case DA). Agonists of the
D2 receptor family are often used to the treat neurological disorders due to their ability to
directly stimulate pre- and postsynaptic DA receptors.2

One of these agonists,
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pramipexole (PPX), is employed as the active ingredient in the drug, Mirapex®. PPX is
a non-ergot derived pure agonist of DA with low to non-existent affinity for other
receptor types.1, 2 It selectively targets D2-like receptors with high affinity for D3 (KD =
0.22 nM), moderate affinity for D2 (KD = 0.96 nM), and the lowest affinity for D4 (KD =
4.3 nM).3
PPX is often prescribed for the treatment of Parkison’s disease, fibromyalgia, and
restless legs syndrome and several mechanisms of action are postulated to give it its
success in treating these illnesses. As with other D2 agonists, it has been found to
decrease intracellular DA levels by activating inhibitory D2 autoreceptors.4 In addition,
studies have indicated that the agonist is a reactive oxygen species (ROS) scavenger5,
which also exhibits other neuroprotective antioxidant effects6. Furthermore, PPX appears
to be an inhibitor of the opening of the mitochondrial transition pore, which has been
shown to a play in role oxidative stress and apoptosis.7, 8 While the attenuation of cell
death has been explored with respect to oxidative mechanisms in Parkinson’s disease
models, it remains unclear how exactly PPX mediates the decrease of DA found in
treated cells. Recently, it was indicated that the agonist is involved in the regulation of
intracellular dopamine levels by interacting with the vesicular monoamine transporter
(VMAT) in PC12 cells.9
PC12 cells are an immortal cell line often employed as a neuronal cell model.
The cells were originally derived from a rat pheochromocytoma and act in a manner
similar

to

sympathetic

neurons,

synthesizing,

packaging,

and

releasing

the

catecholamines, norepinephrine (NE) and DA.10 Though both NE and DA are found
within the cells, they appear to primarily secrete and uptake DA following stimulation.11
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In addition, PC12 cells endogenously express the entire complement of the D2-like
receptors as well as the DA transporter (DAT) and VMAT, making them an ideal model
for examining the relationship between PPX and intracellular DA levels.
In this chapter, the action of PPX on PC12 cells was examined to identify what
receptors and exocytotic machinery the agonist affects during incubation. Treated cells
were incubated with PPX for either one hour or twenty-four hours and their response to
stimulation subsequently interrogated with fluorescence calcium imaging, fast-scan
cyclic voltammetry (FSCV), and constant potential amperometry. Using fluo-4 calcium
dye, changes in intracellular calcium levels following stimulation were examined for the
treated cells versus control. A significant decrease in calcium influx was observed for the
one-hour incubation period in calcium containing solution, but no other changes were
observed for the other experimental conditions when compared to control. Interactions
between PPX and intracellular exocytotic machinery were also investigated with FSCV
and amperometry. In addition to its ability to enter the cells, the drug was also found to
be packaged in vesicles along with DA by VMAT. Moreover, exocytotic release events
were found to be altered for cells treated for both one hour and twenty-four hour
incubations during the amperometric experiments. Amplitude, halfwidth, and number of
molecules released after stimulation decreased in a time-dependent manner, with the
longer incubation time producing even greater decreases in halfwidth and number of
molecules.
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Materials and Methods
Materials
All chemicals were obtained from Sigma (St. Louis, MO) unless otherwise
indicated and used as received. Isotonic saline (150 mM NaCl, 5 mM KCl, 1.2 mM
MgCl2 (EMD Biosciences, Gibbstown, NJ), 5 mM glucose, 10 mM HEPES, 2 mM
CaCl2) was made in ultrapure water (18.2 MΩ), filtered through 0.2-mm filter (Nalge
Nunc International, Rochester, NY), and autoclaved prior to use.

Mirapex® was

obtained from the National Institute of Mental Health's Chemical Synthesis and Drug
Supply Program and dissolved in cell culture medium for drug treatments.

Cell Culture
Stock PC12 cells were obtained from American Type Culture Collection
(Manassas, VA) and maintained as described previously.12 Briefly, the cells were grown
on collagen IV-coated flasks in supplemented RPMI-1640 medium. When confluency
was reached (approximately every 7-9 days), cells were detached from the flask,
suspended in medium, and deposited on experimental substrates. Glass bottom dishes
were pre-coated with laminin (0.1 mg mL-1) prior to cell deposition and allowed to
adhere for at least three days before calcium-imaging experiments were completed. For
the electrochemical experiments, cell suspensions were allowed to adhere to collagen IVcoated dishes for at least three days before experiments were performed.

Treated cells

were exposed to 100 μM PPX in dissolved in media for either one-hour or twenty-fourhour time periods. All experiments were conducted at 37 ± 1°C.
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Calcium Imaging
Both control and treated cells were incubated with fluo-4 AM (11 μM in isotonic
saline, Invitrogen, Carlsbad, CA) to measure cell excitability via changes in intracellular
calcium concentration. Prior to recording, cell medium was replaced with isotonic saline,
which also contained PPX for the treated cells. Calcium was omitted in the replacement
saline solution for experiments where intracellular calcium store release was elicited.
Cells were stimulated with 100 mM potassium in isotonic saline with a 5-s, 20-psi pulse
(Femtojet, Eppendorf Instruments, Hauppauge, NY). Changes in fluorescence intensity
were normalized and background corrected using the equation,

F F(t) − F0
=
F0
F0 − Fb
where F/F0 denotes the change in intensity, F(t) is the fluorescence at time t, F0 is the
fluorescence observed at time zero, and Fb is the background fluorescence.

Electrochemical Studies
Exocytotic release of dopamine and Mirapex was monitored using FSCV and
constant potential amperometry. Microelectrodes containing 5-μm carbon-fibers were
constructed as described previously.13 Briefly, a single carbon fiber was aspirated into a
glass capillary, which was pulled to a taper (Model P-2000, Sutter Instrument Co.,
Novato, CA). Electrodes were polished at a 45o angle on a diamond dust embedded
micropipette beveling wheel (Model BV-10, Sutter Instrument Co., Novato, CA) and
backfilled with 3 M KCl just prior to the experiment.
For FSCV experiments, a multichannel potentiostat (constructed in the Research
Instrumentation Facility at The Pennsylvania State University) was utilized in
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conjunction with two data acquisition boards (PCI-6221, National Instruments, Austin,
TX) and run by the TH 1.0 CV program (ESA, Chelmsford, MA)14 to collect
electrochemical data. Each electrode was cycled (−0.4 to +1.3 V at 200 V s-1) for at least
2 min to stabilize the background current before being positioned directly above a cell.
Cyclic voltammograms were obtained using a triangular waveform (scanned from −0.4 to
+1.3 V versus Ag/AgCl at 1000 V s-1) with release stimulated via micropipette at 60 s
intervals with a 5-s, 20-psi pulse (Picospritzer II, General Valve, Fairfield, NJ) of isotonic
saline containing 100 mM potassium.
During amperometric experiments, the microelectrode was also placed directly
above a cell, which was subsequently stimulated with a high potassium solution. Cells
were interrogated at two separate overpotentials using a commercially available patchclamp instrument (Axopatch 200B; Molecular Devices, Sunnyvale, CA); initially, the
electrode was held at +700 mV versus a Ag/AgCl reference electrode to only oxidize DA
released from vesicles, then held at +1000 mV to oxidize both DA and PPX. The same
cell was interrogated at both potentials to minimize cell-to-cell and electrode variability
as well as to increase sensitivity to changes in peak characteristics between the two
groups of cells.15, 16 Experiments were performed at 37 ± 1 °C. The current resulting
from the oxidation of the compounds was digitized at 5 kHz and filtered at 2 kHz using
an internal 4-pole lowpass Bessel filter with a DigiData 1440 A computer interface
(Molecular Devices, Sunnyvale, CA). Data were displayed in real time and recorded
with Axoscope 10.1 software (Axon Instruments, Inc., Union City, CA) for subsequent
analysis with Mini Analysis software (Synaptosoft Inc., Fort Lee, NJ). The number of
moles released per vesicle was subsequently calculated using Faraday's Law,
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N=

Q
nF

where N is the number of moles released, Q corresponds to the charge (i.e. the area under
the peak generated during an oxidation event), n is the number of electrons involved in
the oxidation (equal to two for DA and assumed to be one for PPX), and F is Faraday's
constant, 96, 485 C mol-1.

The number of molecules released was also calculated

afterwards from these mole values.

Statistical Analysis
Statistical analysis of both imaging and electrochemical data was performed using
Prism 5.02 (GraphPad Software, La Jolla, CA). Calculated F/F0 values were pooled from
all control and respective treatment groups, and then tested for statistical differences.
Values obtained from Mini Analysis for peak characteristics collected during the
amperometric experiments were analyzed for changes between control and the treatment
groups. Results for all tests groups were considered significantly different if associated p
values were < 0.05. All values are reported as the mean ± SEM and all plots were created
using Prism.

Results and Discussion
PPX Decreases Calcium Influx Following Incubation
Calcium imaging of PPX treated cells was performed to determine the effects of
drug incubation on calcium influx and release from intracellular stores. Prior to and after
stimulation, free calcium levels within the cells were monitored. Of the four treatment
groups (one-hour and twenty-four-hour incubations with and without extracellular
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Figure 4-1. Comparison of calcium imaging results displaying the maximum fluorescent
intensity change (max F/F0) for both control and treated cells in calcium containing and
calcium free solutions. Of the four treatment groups, only the one hour incubation in
calcium containing saline was found to significantly decrease in calcium influx following
stimulation. ** denotes p < 0.005
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calcium), only the one-hour incubation with calcium present in the surrounding solution
was found to differ significantly from control cell values with regards to the maximum
fluorescent intensity change (max F/F0) following stimulation (Figure 4-1). The absence
of significant change between control values and treated cells stimulated under calciumfree conditions indicates that release from intracellular stores is not affected by the
interaction between PPX and the D2 receptors, which correlates with the lack of store
depletion also observed with quinpirole (another non-ergot D2 agonist) pretreatment.17
Drug incubation in calcium-containing saline, on the other hand, displayed a
significant decrease in ion flux for the one-hour incubation time while there was no
change for the cells incubated for twenty-four hours. These results indicate that PPX has
an acute effect on the voltage-gated calcium channels (VGCCs) at the cell membrane. It
has been previously shown that quinpirole can deactivate these channels by
hyperpolarization of the membrane.18,

19

PPX is likely also able to hyperpolarize the

membrane by opening potassium channels and allowing its efflux out of the cell. Further,
the drug’s binding to the D2 receptor may also have an effect on the influx of calcium by
inhibiting the activity of adenylate cyclase, reducing the amount of cAMP available as a
secondary messenger.

The reduction in cAMP levels decreases protein kinase A

activation and subsequent calcium influx into a stimulated cell.20 The observation that
these effects occur only over a short time span (less than twenty-four hours) might be due
to the internalization of PPX from the extracellular solution into the cell. It is known that
the drug can be taken into the cell by an organic cation transporter.21 Consequently, if
much of the PPX is internalized, then there may no longer be enough in solution to
activate the extracellular domains of the D2 receptors. In past studies22, 23, it has been
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found that the effects of these agonists are reversible and their removal from solution
returns the calcium influx to normal as was observed for the longer incubation in the
present experiments. Additionally, the lack of change for the longer incubation time
might indicate that the drug is involved in a feedback mechanism to regulate the activity
D2 receptors. The increased activation of the receptors due to their interaction with PPX
for twenty-four hours might cause a decrease in D2 expression, reducing the number of
receptors available on the membrane. With fewer receptors to activate, the effects of the
drug would be less prominent and would not cause significant decreases observed for the
one-hour incubation.

PPX is Packaged by VMAT into Vesicles
The effect of PPX incubation on treated cells was also examined to determine
whether VMAT transported the drug, in addition to DA, into the vesicles of PC12 cells.
In order to detect the presence of PPX as part of the content released from secreted
vesicles with FSCV, it was first necessary to determine if the compound could be
voltammetrically distinguished from DA since the peak oxidation potentials for the two
molecules are relatively close to each other (600 mV for DA and 900 mV for PPX versus
Ag/AgCl). As shown in Figure 4-2, the anodic peak potentials of 100 μM DA (blue) and
100 μM PPX (red) do not overlap, but are offset by 300 mV. Further, the individual
solution traces match up well with the voltammogram of the mixture of the two
molecules. Interestingly, it also appears that together the compounds have a synergistic
effect, causing the observed current to increase additionally when the two are both
present in solution (Figure 4-2C, black trace). This phenomenon might be the result of
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Figure 4-2. Structures of DA (A) and PPX (B) with their representative cyclic
voltagmmograms (C). The cyclic voltammogram of mixture (black trace) displays two
unique peaks correspond to the voltammograms for either DA (blue trace) or PPX (red
trace).
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Figure 4-3. Representative FSCV data collected from a stimulated control (A-B) and
one hour PPX treated cell (C-D). The colorplots (A and C) depict regions of changing
current during the course of the experiment, which correspond to the scale shown above
A. Cyclic voltammograms were recorded for each scan in the vertical direction.
Representative voltammograms were obtained from the highlighted regions of the
respective colorplots, which highlight where DA (red rectangle) and PPX (blue rectangle)
are oxidized.
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adsorption of DA to the electrode surface, making the electrode more sensitive the
remaining molecules in solution.14
Analysis of stimulated release from PC12 cells with FSCV was found to
confirmed the presence of PPX in the releasate of vesicles undergoing exocytosis from
the cells treated for one hour (Figure 4-3). FSCV colorplots depict regions of changing
current during the course of the experiment. Increases in current above background,
indicated by the purple to green portion of the scale, correspond to stimulated release
from the cells (Figure 4-3A, C). Cyclic voltammograms were recorded for each scan in
the vertical direction and allowed for identification of the compounds released from the
vesicles. As mentioned earlier, PPX is transported into cells via the action of an organic
cation transporter. Once inside the cells, the agonist can bind directly to the VMAT at
the transporter’s monoamine recognition site with its DA-like moiety (i.e. a basic amine
in the vicinity of an aromatic ring),9 prior to being transported into vesicles. Examination
of the colorplots and their corresponding current versus time traces (not shown) indicate
that at least two types of vesicles may exist within the incubated cells, those that contain
DA only and those that contain both DA and PPX co-localized. Though DA and PPX
were observable following the one-hour incubation, neither was significantly observed
following the twenty-four-hour incubation. This result is likely due to the low number of
perceived events detected following stimulation of these cells (8.13 ± 0.53 events for
control versus 2.47 ± 0.34 events for the twenty-four-hour incubation).

PPX Decreases Released DA from Vesicles
Because FSCV is not capable of quantifying individual exocytotic events from
stimulated cells, amperometry was also utilized to examine the effects of PPX on
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exocytosis. The peak characteristics of amplitude, halfwidth, and number of molecules
were compared for control and treated cells interrogated at overpotentials of both 700 mV
and 1000 mV. While it was hoped that stimulation of the same cell at these two different
potentials could differentiate between peaks that correspond only to DA (at 700 mV) and
those that correspond to both DA and PPX (at 1000 mV) in the same cell, no increase
was observed in the number of events at 1000 mV versus 700 mV (20.0 ± 3.3 versus 22.7
± 4.7 events for control; 14.6 ± 2.5 versus 15.2 ± 4.6 events for the one-hour incubation;

5.7± 1.7 versus 5.0 ± 1.7 events for the twenty-four-hour incubation, for the 1000 mV
versus 700 mV potentials respectively). This result could also be due to the vesicles
containing either DA alone or DA with PPX. If all the vesicles were affected equally
following treatment and contain both compounds, then the number of events should not
change when compared between the two potentials since the same number of vesicles
would be available to fuse to membrane during exocytosis.
The results of the amperometric experiments described hereafter serve to discuss
the observations for experiments at 700 mV and 1000 mV since the trends observed for
amplitude, the number of molecules released, and halfwith were found to be identical
(Figure 4-4).

When compared to untreated control cells, the amplitudes of the

amperometric signal both the one-hour (n = 15 cells) and twenty-four-hour (n = 5 cells)
incubated cells were found to significantly decrease versus control (n = 13 cells).
Significant decreases in the number of molecules released per vesicle (quantal size) were
also found for both treatment periods. Because no distinction could be made between
events relating to DA or PPX, the molecule calculations employed two electrons for the n
in the Faraday equation, corresponding to the oxidation of DA. This decrease in DA
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Figure 4-4. Comparison of amperometric peak characteristics for control and treated
cells. A-C compare data collected from events at 700 mV, while D-F compare data from
1000 mV. Incubated cells were found to significantly decrease in amplitude, halfwidth,
and number of released molecules versus control cells (ANOVA, p < 0.0001 for all
comparisons except for amplitude at 1000 mV with p = 0.0044). Further, there were also
significant decreases between one hour and twenty-four incubation periods for number of
molecules and halfwidth (p < 0.0001).
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amount is consistent with the action of other DA D2 agonists, which are known to
decrease DA synthesis and decrease release probability, i.e. the number of events
detected.4, 24 Additionally, since it has been shown that PPX enters vesicles and can be
simultaneously released with DA following stimulation, the observed current would
inherently be decreased because fewer electrons are involved in its oxidation (n = 1 for
PPX versus n = 2 for DA). For example, if PPX treatment yielded vesicles that contained
50% DA and 50% PPX, the net decrease in current would 25%. Moreover, the decrease
in DA amount might also be caused by the ability of PPX to act as a competitive inhibitor
of the VMAT, which has previously been observed by Izumi et al.9.
Additionally, halfwidth was observed to decrease for both treatment periods,
indicating a change in the interaction of the vesicle and the plasma membrane during
exocytosis. This decrease is halfwidth is likely caused by the smaller quantal size of the
released vesicles. With less content to be released, the vesicle does not need to remain
fused to the membrane as long, which is perceived as a reduction in the halfwidth.
Furthermore, the reduction in quantal size might also decrease the physical size of the
vesicles as has previously been observed with reserpine treatment16, which decreases the
translucent portion of vesicle (halo) that surrounds the matrix that stores the majority of
the transmitter molecules.

The physical shrinkage of the vesicles supports the

observation of the decreased halfwidth since the vesicular contents would be more
concentrated and the vesicle would require less time at the membrane for secretion. This
conclusion, however, cannot be confirmed without supplementary transmission electron
microscopy (TEM) data for the treated cells.
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Moreover, the average frequency of DA release events decreases significantly for
the twenty-four-hour incubation period (5.00 ± 1.7 events per cell at 700 mV and 5.70 ±
1.7 at 1000 mV, n = 5 cells, p = 0.001) when compared to the control value (22.67 ± 4.1
events per cell at 700 mV and 20.00 ± 3.3 at 1000 mV, n = 13 cells). Fewer of these cells
also responded in general to the potassium stimulus (5 of 15 interrogated) when
compared to control and the cells incubated for one hour only (13 of 16 cells responding
and 15 of 18 cells responding respectively). These decreases, in addition to decreases in
halfwidth and number of released molecules between the one-hour and twenty-four-hour
incubation, imply that there might be a time dependence on the action of PPX.
With the longer incubation periods, it is possible that more of the drug might
accumulate within vesicles to potentiate its effects over time. The decreases in observed
events following twenty-four-hour PPX treatment could be the result of further decreases
to the intracellular DA packaged into vesicles due to a decrease in tyrosine hydroxylase
activity.9 In this scenario, it is not actually the number of fusion events that is decreasing,
but the number of detectable events as the amount of DA being released might become
lower as the loss of DA makes measurement below the limits of detection.
Because the amperometric observations do not correlate with the results obtained
for the imaging experiments, where the maximal effects of PPX were found to occur over
a short time span and tapered off over longer incubations, it alternatively cannot be ruled
out that the decreases for the twenty-four incubation could also indicate that another
mechanism might be at play in altering exocytosis in the PPX incubated cells that is not
calcium dependent. It has been previously postulated by Congar et al. that D2 receptor
stimulation is also capable of activating voltage-dependent, calcium independent
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potassium channels.25, 26 The activation of these potassium channels has been found to
inhibit secretion by repolarizing the membrane following stimulation27, 28, but may also
couple directly to exocytotic machinery (i.e. SNARE complex proteins)26 to alter the
halfwidth and possibly the number of molecules released as seen with the PPX incubation
presented here.

Conclusions
The incubation of PC12 cells with 100 μM PPX was found to not only acutely
decrease the amount of calcium influx following stimulation, but to also alter exocytotic
release within the cells. In addition to activating D2 receptors, PPX was found to enter
the cell and become incorporated into vesicles together with DA by the action of VMAT.
Amperometric peak amplitude, vesicular DA content, and halfwidth were also observed
to decrease following PPX treatment. These changes for each incubation period might
indicate that the physical size of the vesicles decreases in response to decreases in quantal
size and thus alters the fusion of the vesicle to the plasma membrane during exocytosis.
Furthermore, in combination to the calcium imaging data, these results might also point
to direct D2 modulation of exocytosis through interactions with potassium and calcium
channels at the plasma membrane.
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Chapter 5
Effects of GODZ and SERZβ Gene Knockout on Calcium
Signaling and Exocytotic Release
Introduction
The creation of proteins begins with the transcription of genes into messenger
RNA (mRNA) in the nucleus of a cell. The mRNA is then read by ribosomes, the protein
fabrication machinery of the cell, translating the nucleotide sequence into an amino acid
one to form the primary polypeptide chain structure of a protein. These chains often
undergo post-translational modifications in addition to adopting their proper tertiary and
quaternary structures as proteins.

These modifications aid in the regulation of

metabolism, protein degradation, and protein targeting within the cell. One well-known
example of such a modification, phosphorylation, serves primarily to dictate the activity
of a protein by inducing conformational changes.1,

2

In this manner, proteins are

activated only at particular times in development and the cell cycle to maintain
homeostasis.

Glycosylation is another type of modification, which involves the

attachment of saccharides to proteins. The addition of these sugars stabilizes protein
structure and induces the protein to fold properly. 2, 3
Palmitoylation is another possible post-translational modification that functions to
promote membrane association, protein sorting, and regulate the functional activities of
integral and peripheral membrane proteins.4-6 This modification involves the attachment
of a palmitate moiety from palmitoyl-coenzyme A (palmitoyl-CoA, Figure 5-1A) to a
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cysteine residue on the targeted protein via a labile thioester bond. The reversibility of
this bond makes it more versatile than other fatty acid attachment modifications, such as
the permanent myristolation reaction, allowing palmitoylation to play more of a role in
controlling development and signaling within a cell. The addition of palmitate to a
protein is catalyzed by a family of enzymes known as palmitoyl acyltranferases (PATs) at
the aspartic acid-histidine-histidine-cysteine cysteine rich domain (DHHC-CRD) of their
structure.
Though a variety of proteins in all types of tissue have been found to be
palmitoylated, this modification is particularly important within the nervous system.7
Multiple proteins involved in SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptors) complex formation, which mediates the fusion of synaptic
vesicles with the plasma membrane to release neurotransmitters, such as SNAP-258,
synaptotagmin9, and synaptobrevin10, have been discovered to function more efficiently
when palmitoylated. Several PAT proteins have been determined to play prominent roles
in modifying these proteins, particularly GODZ (Golgi-specific DHHC zinc finger,
Figure 5-1B) and its close homolog, SERZ-β (sertoli cell gene with a zinc finger domainβ, Figure 5-1C).11-13 Both of these proteins have been found to be localized to the
endoplasmic reticulum (ER), Golgi, plasma membrane, and endosomes.4, 5
This chapter details the use of both hippocampal neurons and peritoneal mast cells
to interrogate the effects of GODZ and SERZ-β gene deletion on calcium signaling and
exocytosis. While these two proteins have been identified as PATs, it has recently been
postulated that GODZ may also serve as an intracellular calcium channel since another
homolog HIP14 (Hungtington’s interacting protein 14) has been found to function as a
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Figure 5-1. Post-translational modification of proteins by palmitoylation involves the
attachment palmitate moiety from palmitoyl CoA (A) to a protein via thioester bond by a
PAT. GODZ is one PAT that features four transmembrane helices and the characteristic
DHHC-CRD region (B) as predicted by TMPred, a structure prediction algorithm based
on the statistical analysis of a database (TMbase) of naturally occurring transmembrane
proteins. SERZ-β, another PAT protein, contains a number of residues identical to
GODZ (C). The two proteins are both implicated in the palmitoylation of synaptic
proteins involved in exocytosis. B) and C) has been adapted with permission from
reference 14.14
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magnesium channel.15 Hippocampal neurons from wild-type (WT) and double knockout
(DKO, lacking both GODZ and SERZ-β) mice were stimulated and their intracellular
free calcium levels monitored over time with fluorescent imaging. While intracellular
calcium levels within the somata of the DKO neurons were not found to differ from WT,
their processes (i.e. axons and dendrites) were found to have less calcium increase
following stimulation when compared to WT. These results indicate that the deletion of
GODZ and SERZ-β affects calcium influx/release at synaptic membranes, altering cell
excitability within these regions.
Mast cells were also utilized as a model system to interrogate the effects of
GODZ and SERZ-β gene deletion on exocytosis. Because of the implications of GODZ
and SERZ-β action as calcium channels and the dependence of exocytosis on a rise in
calcium, intracellular free calcium levels were monitored to examine cell excitability in
WT, SERZ-β KO, and GODZ KO mice. Changes between the GODZ KO mast cells and
WT were not significant; however, significant changes did occur when exocytotic release
from WT and knockout mast cells was monitored with constant potential amperometry.
Differences in the dynamic secretion of the chemical messengers, serotonin and
histamine, were found to occur following stimulation of the knockout cells when
compared to WT. The release of both molecules from granules (i.e. vesicles) was found
to change for both GODZ KO and SERZ-β KO mast cells following stimulation.
Serotonin granules from SERZ-β KO cells were found to contain a greater amount of the
transmitter versus WT cells, although no change was observed for the serotonin levels in
GODZ KO cells versus WT. Histamine levels, on the other hand, appear to decrease for
both GODZ KO and SERZ-β KO cells. These changes likely indicate that the lack of
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palmitoylation of synaptic proteins (SNAP-25, synaptotagmin, and synaptobrevin) has
altered their functionality by affecting exocytosis.

Materials and Methods
Materials
All chemicals were obtained from Sigma (St. Louis, MO) unless otherwise
indicated and used as received. Neuronal bath solution consisted of 128 mM NaCl, 30
mM glucose, 25 mM HEPES, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2 in ultrapure water
(18.2 MΩ) and the pH adjusted to 7.3 with NaOH. Isolation buffer (12.5 mM Tris-HCl,
150 mM NaCl, 4.2 mM KCl, 5.6 mM glucose, 1.5 mM CaCl2, and 1.4 mM MgCl2) was
also made in ultrapure water with the pH adjusted to 7.4.

The solutions were

subsequently filtered through 0.2-mm filters (Nalge Nunc International, Rochester, NY)
and autoclaved prior to use.

Generation of Knockout Mice
The knockout mice employed for these experiments were generated by Dr. Shoko
Murakami in the Lüscher Lab (The Pennsylvania State University Department of
Biochemistry and Molecular Biology).16 Briefly, the embryonic stem cell line BK4 was
transformed to express GODZ and SERZ-β via inclusion of DNA targeting vectors for
each respective protein in a cell suspension.

The suspension was subsequently

electroporated to allow the vectors to enter the cells. Positive clones (i.e. cells with the
inserted vectors) were identified and injected into mouse embryos by the Pennsylvania
State University transgenic facility. These embryos yielded chimeric male mice, which
were mated with female B6.FVB-Tg(EIIa-cre)C5379Lmgd/J (Jackson Laboratories, Bar
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Harbor, ME). Heterozygous offspring (GODZ +/− and SERZ-β +/−) from these matings
were bred to generate the single (GODZ −/− and SERZ-β −/−) and double knockout mice
(GODZ −/−, SERZ-β −/−).

Murine Cell Isolation
Neurons were harvested from the hippocampi of WT and GODZ/SERZ-β DKO
mice embryos by Dr. Murakami. Neurons were grown on circular poly-L-lysine coated
coverslips and incubated in supplemented modified Eagle medium (MEM, Invitrogen,
Carlsbad, CA) until they were adhered (approximately 24 hours after plating). The
coverslips were subsequently inverted onto a glial feeder layer coating the bottom of a
Petri dish and incubated in Neurobasal A medium supplemented with B27 (Invitrogen,
Carlsbad, CA). Neurons were utilized for experiments after 14 days in vitro.
Mast cells were obtained from the peritoneal cavities of WT, GODZ KO, and
SERZ-β KO mice. The mice were euthanized by exposure to carbon dioxide vapor, then
decapitated prior to isolation. Isolation buffer (5 mL) was injected into the peritoneal
cavity of each mouse and its abdomen massaged for 2 min. The cavity was subsequently
opened and the solution collected. This solution was centrifuged at 200 x g for 10 min to
pellet and recover the cells. The supernatant was discarded and the cells resuspended in
DMEM/F12 medium (Invitrogen, Carlsbad, CA). Cells were then plated onto poly-Llysine coated culture dishes and allowed to adhere for at least an hour before experiments
were performed.
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Calcium Imaging
Neurons and mast cells were incubated with the intracellular calcium indicator
dye, fluo-4 (11 μM, Invitrogen, Carlsbad, CA), prior to stimulation via a micropipette
positioned approximately 30 μm away from the cells of interest. Different compounds
dissolved in bath solution were utilized as stimulants based on the focus of each
experiment; 200 mM potassium was employed for the interrogation of calcium influx for
hippocampal WT and DKO neurons, while compound 48/80 (5 μg mL-1) was used for
mast cell stimulation. Before data were collected, medium was removed from the plated
cells and replaced with bath solution to remove any interferences caused by proteins.
Cells were kept constantly perfused during the course of the experiment with bath
solution warmed to 37 oC with an inline heater. Changes in free calcium concentration
were monitored for both cell somata (neurons and mast cells) and processes (neurons
only). Fluorescent intensity values were normalized and background corrected using the
equation,

F F(t) − F0
=
F0
F0 − Fb
where F/F0 denotes the change in intensity, F(t) is the fluorescence at time t, F0 is the
fluorescence observed at time zero, and Fb is the background fluorescence.

Constant Potential Amperometry
Constant potential amperometry was utilized to measure exocytotic release of
electroactive serotonin and histamine.

Measurements were obtained using a 5-μm

carbon-fiber microelectrode constructed as described previously.17

Briefly, a single

carbon fiber was aspirated into a glass capillary, pulled to a taper (Model P-2000, Sutter
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Instrument Co., Novato, CA), sealed with epoxy, and allowed to cure overnight at 100
o

C.

Each electrode was polished at a 45o angle on a diamond dust embedded

micropipette beveling wheel (Model BV-10, Sutter Instrument Co., Novato, CA) just
prior to the experiment. Cell culture medium was removed and replaced with isolation
buffer before any electrochemical data were collected.

The beveled surface of the

electrode was positioned on top of a cell to ensure all electroactive molecules released
were oxidized at the electrode. To perform electrochemical measurements, the electrode
was held at a constant overpotential of +1200 mV against a Ag/AgCl reference electrode
using a commercially available patch-clamp instrument (Axopatch 200B; Molecular
Devices, Sunnyvale, CA). Experiments were performed at 37 ± 1 °C, and cellular release
was stimulated by a micropipette containing compound 48/80 (5 μg mL-1) in isolation
buffer positioned approximately 30 μm away from the cell of interest.
The current resulting from the oxidation of histamine and serotonin was digitized
at 5 kHz and filtered at 2 kHz using an internal 4-pole lowpass Bessel filter with a
DigiData 1440 A computer interface (Molecular Devices, Sunnyvale, CA). Data were
displayed in real time and recorded with Axoscope 10.1 software (Axon Instruments,
Inc., Union City, CA). Mini Analysis software (Synaptosoft Inc., Fort Lee, NJ) was
subsequently employed to analyze the data and obtain information such as amplitude,
halfwidth, and area for each current spike resulting from the oxidation. The number of
moles per vesicle was subsequently calculated using Faraday's Law,
N=

Q
nF
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where N is the number of moles, Q corresponds to the charge (i.e. the area of the spike), n
is the number of electrons involved in the oxidation (equal to one for histamine and two
for serotonin), and F is Faraday's constant, 96,485 C mol-1.

Statistical Analysis
Statistical analysis of fluorescent and electrochemical data was performed using
Prism 5.02 (GraphPad Software, La Jolla, CA).

Calculated F/F0 values for neuron

somata, neuron processes, and mast cells were pooled for each respective genotype and
then tested for statistical differences with the Student’s t-test. Further, electrochemical
peak characteristics for each cell type were also combined and analyzed for variation
with the Student’s t-test. Results for all tests were considered significant if associated p
values were < 0.05. All values are reported as the mean ± the standard error of the mean
(SEM) and all plots were created using Prism.

Results
Calcium Imaging of Murine Cells
Stimulation of hippocampal neurons with 200 mM potassium led to increases in
intracellular calcium concentration as expected for both the WT and the GODZ/SERZ-β
DKO.

Prior to stimulation, the cell somata and processes display low fluorescent

intensity, corresponding to a minimal amount of free calcium available (Figure 5-2A).
Following stimulation, however, free calcium within the cell increases dramatically
(Figure 5-2B) due to influx from the extracellular solution and release from intracellular
stores, which causes a large increase in fluorescent intensity. For these experiments, it
was observed that while there was no significant change in the amount of calcium
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Figure 5-2. Confocal calcium imaging data for hippocampal neurons. WT neurons are
shown before (A) and after (B) stimulation with 200 mM potassium. Scale bar is 20 μm.
Comparison of data collected for calcium imaging experiments performed in calcium
containing solution displays a decrease in the amount of fluorescent intensity change
corresponding to the amount of intracellular free calcium in the processes of the KO
neurons versus WT for experiments conducted in calcium containing solution (C). No
significant differences were observed between the somata of the WT cells. D) Imaging
experiments performed in calcium free solution displayed similar results with the
fluorescent intensity change for the processes of the DKO neurons significantly
decreased versus the processes of the WT. *** denotes significant differences between
the processes of DKO and WT (p < 0.0001), while * denotes p = 0.011. For C-D, error
bars report SEM values.
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influx/release (max F/F0) for the cell somata, a substantial decrease in calcium
influx/release was observed in the processes of the DKO neurons versus WT (p < 0.0001,
Figure 5-2C). Because the original hypothesis involved the determination of the roles of
GODZ and SERZ-β as calcium channels, a secondary set of experiments focused on
intracellular calcium store release. For these experiments, 200 mM potassium was again
used as stimulant, but calcium was no longer included in the bath solution formulation.
As observed previously, a significant decrease in the maximum fluorescent intensity
change (max F/F0) following stimulation was seen in the DKO processes versus those in
the WT neurons (p = 0.011, no change observed for the cell somata, Figure 5-2D).
The effects of the deletion of GODZ and SERZ-β on calcium influx were also
examined in mast cells from WT, GODZ KO, and SERZ-β KO mice. Two cellular
responses were found to occur after stimulation with compound 48/80, the characteristic
sharp increase in fluorescent intensity followed by a gradual return to baseline values as
well as a series of oscillations in intensity (representative traces are illustrated in Figure
5-3A). These oscillations in intracellular calcium concentration have been found to be
independent of the presence of extracellular calcium, indicating that the cytoplasmic
calcium increase in this situation is intracellular in origin.18,

19

Although these

oscillations are an interesting phenomenon, it has been determined that these oscillations
can be elicited without also inducing exocytotic release.19 Therefore, in order to focus on
cell excitability and transmitter release and to be to correlate this excitability with the
release observed with amperometry, only cells possessing the characteristic intensity
profile were analyzed. Removal of the cells exhibiting the oscillation behavior, however,
decreased the number of cells available for comparison, particularly for the SERZ-β cells,
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Figure 5-3. Calcium release from stimulated mast cells. Representatives traces (A)
illustrate the two responses observed from WT cells following stimulation with
compound 48/80, a characteristic singular peak that corresponds to a large increase in
intracellular calcium concentration (black trace) and a series of oscillations, which
indicate that calcium levels fluctuate in a rhythmic pattern (red trace). (B) Comparison
of data obtained from analysis of the maximum intensity change (F/F0) for the singular
peak data. No significant differences were found between the WT (n = 24 cells) and the
GODZ KO cells (n = 27 cells) with regards to changes in intracellular calcium levels
following stimulation. Error bars report SEM values.
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which had only two cells of eleven that displayed the correct response. Consequently,
comparison analysis could only be performed between WT (n = 24 cells) and GODZ KO
(n = 27 cells) cells, which were found to have no significant difference in the magnitude
of maximum intensity change (max F/F0).

Identification of Released Compounds from Mast Cell Exocytosis
Two types of peaks were observed during the exocytotic release from the WT as
well as GODZ KO and SERZ-β KO cells following stimulation with compound 48/80
(Figure 5-4). Because both serotonin (Figure 5-4A) and histamine (Figure 5-4B) are
released from mast cells, it was hypothesized that the two different peak types observed
during the experiments corresponded to each of these molecules.

Typically, when

multiple electroactive compounds are released during exocytosis, amperometry is unable
to distinguish between the different species since all molecules with oxidation potentials
below the applied potential react at the electrode surface. With mast cell exocytosis,
however, the electrogenerated products of histamine oxidation are thought to briefly
passivate the electrode surface, causing a temporal distortion in the measured current.20
This distortion is observed as an increase in halfwidth, which is defined as the width of
the peak at 50% of the maximum amplitude. This increase elongates the timescale of the
peak, yielding halfwidth values larger than 0.75 ms (as seen in peak type 2 of Figure 54C). Consequently, peak type 1 was tentatively identified as serotonin, which displayed
the characteristic peak shape associated with amperometric oxidation,21,

22

an

instantaneous rise in current followed by a slow decay to baseline (as seen in peak type 1
of Figure 5-4C). Peak type 2 was therefore identified as histamine. To further confirm
the identity of these two peak types, the overpotential at the electrode was lowered to 800
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Figure 5-4. Compounds released during mast cell exocytosis include serotonin (A) and
histamine (B). Each of these compounds generates a unique peak shape when oxidized at
the electrode. Peak type 1 corresponds to serotonin, while peak type 2 corresponds to
histamine.
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mV versus Ag/AgCl so as to only oxidize serotonin (E0 = 400 mV), since the oxidation
potential of histamine is 1200 mV versus silver/silver chloride. If the assumption that
peak type 1 is serotonin is correct, only this type of peak should be seen at the lower
overpotential. Indeed, only type 1 was observed during this set of experiments for each
cell type though both types were observed at the higher overpotential for each type of cell
(Figure 5-5). Therefore, in the following sections, peak type 1 will be assigned as
serotonin and peak type 2, histamine.

Amperometric Characterization of Mast Cell Exocytosis
Peak characteristics such as amplitude, halfwidth, and area were quantified and
compared between the WT, GODZ KO, and SERZ-β KO cells (Figure 5-6 and 5-7). No
significant variation was found in the frequency of both serotonin and histamine peaks
observed following stimulation with compound 48/80 between the WT, GODZ KO, and
SERZ-β KO cells. For the GODZ KO cells (n = 185 events), the number of serotonin
molecules did not significantly change when compared to WT cells (n = 205 events).
Likewise, there was no significant change in amplitude observed during release. Peak
halfwidth, however, was found to significantly increase when analyzed (p < 0.0001).
Serotonin release for SERZ-β KO cells (n = 65 events), on the other hand, displayed the
opposite results of the GODZ KO cells with a significant increase in the number of
molecules released (p < 0.0001) when compared to WT. Additionally, the amplitude of
the serotonin peaks displayed a significant increase (p < 0.0001), though no significant
change for peak halfwidth was observed.
Histamine release for the GODZ KO cells (n = 77 events), shows a significant
decrease in number molecules released versus WT (n = 140 events, p = 0.0006, Figure 595

Figure 5-5. Representative amperometric traces for exocytosis from WT (A), GODZ KO
(B), and SERZ-b KO (C) collected at an overpotential of 1200 mV as well as WT
collected at 800 mV (D), displaying only peak type 1 (serotonin). The inset magnifies
the highlighted peak detailing peak characteristics of interest, amplitude, halfwidth, and
area, which were generated by the oxidation of the contents of each granule.
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Figure 5-6. Comparison of the peak characteristics, amplitude (A), halfwidth (B), and number of molecules (C), across the
genotypes–WT, GODZ KO, and SERZ-β–for release of serotonin from mast cells. Error bars represent SEM values. *** denotes
significant differences between the KO and WT cells with p < 0.0001.
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Figure 5-7. Comparison of the peak characteristics, amplitude (A), halfwidth (B), and number of molecules (C), across the
genotypes–WT, GODZ KO, and SERZ-β–for release of histamine from mast cells. Error bars represent standard error of the mean.
** denotes significant differences between the KO and WT cells with p < 0.006, while *** denotes p < 0.0001.

7A). No significant change, however, was observed for peak amplitude (Figure 5-7B).
Though the quantitative information obtained for the halfwidth is skewed by the temporal
distortion described earlier, qualitatively the changes in halfwidth can still be compared
since the distortion occurs consistently across each cell type (Figure 5-7C). With this in
mind, the halfwidth for histamine release in GODZ KO cells was found to decrease
significantly (p = 0.0029).

The SERZ-β KO cells also displayed a significant decrease

in the number of histamine molecules released (p < 0.0001), despite a significant increase
in amplitude similar to that seen for serotonin (p = 0.0058). Halfwidth significantly
decreases during histamine release (p < 0.0001), as was also observed with GODZ KO
cells.

Discussion
Concentration of Free Calcium Changes with GODZ and SERZ-β Deletion
The results indicate that the loss of GODZ and SERZ-β in neurons has profound
effects on the amount of calcium that enters the membrane and is released from
intracellular stores into the processes following stimulation. Because the difference in
the maximum intensity change (max F/F0) was more significant for the neuronal
processes in the calcium-containing solution (p < 0.0001) than that for the processes
interrogated in the calcium-free solution (p = 0.011), it appears that more changes in
calcium transport at the plasma membrane occur when these genes are deleted versus
changes in intracellular store release.

Changes in calcium concentration following

stimulation at the processes of the DKO and SERZ-β KO neurons when compared to WT
are likely caused by the lack of palmitoylation at the β2A subunit of voltage gated
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calcium channels (VGCCs).6 VGCCs are composed of a pore-forming α1 subunit and
additional β2Α and α2δ subunits.

The cytosolic β subunits increase the surface

expression of the channel complex and are capable of either slowing the inactivation of
the channels by compounds such as arachidonic acid23 or increasing calcium channel
activation as was observed in chromaffin cells24, 25.
Because of the influence of palmitoylation on VGCC inactivation, one would
expect to observe a decrease in calcium influx for the GODZ KO and SERZ-β KO mast
cells as was observed for the processes in the neuron experiments.

However, no

significant decrease was found for the GODZ KO cells. It is possible that the expected
decrease was absent for the knockout cells because of the peripheral nature of the mast
cells. Since these cells lack a true synapse, the influence of palmitoylation on the
intracellular calcium levels following stimulation may be decreased. Also, it might be
possible that the deletion of GODZ might alter the calcium oscillations observed in the
unanalyzed cells, while not affecting overall calcium influx.

GODZ and SERZ-β Gene Deletion Alters Exocytosis
During mast cell exocytosis, granules (vesicles) fuse with the plasma membrane
of the cell to eventually secrete transmitter into extracellular space. Within granules,
transmitter is primarily stored in a sulfated proteoglycan matrix, though some molecules
are also freely dissolved in solution. This fusion, similar to that for neurons, is mediated
by the formation of the SNARE complex that consists of both v-SNARE proteins
(synaptobrevin and synaptotagmin) on the vesicles and t-SNARE proteins (SNAP-25 and
syntaxin) on the plasma membrane.9,

26-28

Following docking and initial fusion of a

granule, the proteoglycan matrix containing the majority of the transmitter swells and
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ions are exchanged between the extracellular fluid and the interior of the matrix.29, 30 The
oxidation of these released electroactive transmitter molecules at the microelectrode then
generates the current peaks observed during amperometry.
Analysis of these peaks offers information about granule contents, fusion and
intragranular matrix expansion kinetics, as well as the stability of the fusion pore.30 For
instance, peak amplitude yields information about the amount of transmitter released.
Typically, the greater the amplitude, the greater amount of transmitter released. The
halfwidth of the peak, when combined with the amplitude, also yields information about
the amount of transmitter released. In addition, the halfwidth value offers insight into the
opening of the fusion pore as well as the rate of transmitter secretion. Smaller halfwidths
indicate a shorter amount of time the pore is open for release of transmitter molecules.
Lastly, the integrated area under the peak yields the molecular amount released for the
oxidized species (quantal size).

Using these characteristics, conclusions about the

changes in the exocytosis caused by gene deletion of GODZ and SERZ-β versus WT
mast cells can be determined. Since both GODZ and SERZ-β have been found to localize
to the plasma membrane as well as the Golgi, it may be possible that they participate in
the dynamic palmitoylation/depalmitoylation cycle of synaptic proteins.31-33
Comparison of the peak characteristics obtained from the amperometric data
collected for serotonin release WT versus both GODZ and SERZ-β KO cells reveals
significant differences. For the GODZ KO cells, a significant increase in halfwidth
appears to indicate that the granule remained fused to the membrane longer for these cells
versus WT, whereas no changes were observed for either amplitude or number of
molecules. These results, particularly the increase in halfwidth, may indicate that a
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change in the granule-plasma membrane interaction has occurred in these cells. The
simplest scenario explaining the increase in halfwidth involves the granule remaining
docked at the membrane for a longer amount of time. However, an increase in halfwidth
is typically accompanied by increase in area and the number of molecules released.
Though a perceivable increase is observed in the number of molecules, variation in the
pooled events for these characteristics makes this increase insignificant (p = 0.18). It is
possible that this increase in halfwidth might be explained by the lack of palmitoylation
on the cysteine residues of SNAP-25, which has been found to be palmitoylated by both
GODZ and SERZ-β.8 Though palmitoylation of this t-SNARE was originally believed to
only target and increase the affinity of the protein for synaptic membrane34,

35

, it has

recently been found to function in the dissociation of the SNARE complex from the
membrane.36 Consequently, the lack of palmitoylation available in the knockout cells
may cause the fusion pore to remain open for a longer period of time. Alternatively, the
data may also indicate a change in interaction between serotonin and the matrix within
the granule.

It has previously been observed that the proteoglycan matrix is

palmitoylated in skin fibroblasts37. How this modification might affect the interaction of
the matrix with transmitter molecules and granule fusion with the membrane is unclear.
In the case of serotonin, a decrease in vesicular volume for the serotonin granules and/or
an increase in the amount of matrix present might cause serotonin to have a more difficult
time exiting the matrix. Since the dissociation from and diffusion through the matrix is
thought to be the rate-limiting step in the decay of the amperometric peak, this scenario
could also account for the increase in halfwidth observed.
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SERZ-β KO cells displayed more variance in measured peak characteristics
versus WT than GODZ KO cells with regard to serotonin release. Peak amplitude for the
SERZ-β KO cells was found to significantly increase, whereas halfwidth did not
significantly change. It is possible that the halfwidth change observed for GODZ was not
replicated for SERZ-β because GODZ might have a higher affinity for palmitoylating
either the cysteine residues of SNAP-25 or the proteoglycan matrix. Consequently, with
a lower affinity for either of these moieties, SERZ-β cannot adequately rescue the activity
of GODZ, yielding a slower dissociation of the SNARE complex or a change in the
interaction of transmitter molecules with the matrix for GODZ KO cells. The massive
increase in amplitude observed for serotonin release also yielded a significant increase in
the number of molecules. One possible reason for the increase in number of molecules is
a decrease in the amount of matrix within the granule possibly due to the lack of matrix
palmitoylation and could cause an increase of free serotonin in solution. Alternatively,
this increase in quantal size might also be the result of augmented serotonin uptake by
synaptic vesicles with functionally palmitoylated synaptobrevin.

Since different

synaptobrevin isoforms have been found to be included in granules based on their
transmitter content38, it is possible that GODZ and SERZ-β have different affinities for
each isoform, yielding variations in exocytotic transmitter release as this protein is
involved in the initial attachment of the granule to the plasma membrane.
Histamine release for the GODZ KO cells, similar to that for serotonin, shows no
significant change in peak amplitude versus WT. GODZ KO halfwidth was found to
decrease significantly, indicating that faster release occurred for these cells. The decrease
in halfwidth observed for histamine release leads to decreases in area and consequently,
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the number of histamine molecules released from the vesicles.

With the smaller

halfwidth observed, it is possible that the short time that the fusion pore was open
influenced the amount of histamine that could be secreted from the granule, causing the
decrease seen in the number of molecules. Since histamine dissociates slowly from the
matrix38, 39, it is likely that much of the histamine detected was already in solution rather
than sequestered in the matrix because of the faster time scale observed. Differences in
release observed for knockout cells between serotonin and histamine could be attributed
to the compounds residing in different subsets of granules. As previously reported by
Puri and Roche38, protein expression differs between granules containing serotonin and
those containing histamine. Consequently, the deletion of GODZ and SERZ-β might
affect these two subsets differently, separately altering how each interacts with the
plasma membrane during exocytosis.
Histamine release for the SERZ-β KO cells displayed an increase in amplitude
similar to that observed for serotonin. Halfwidth, however, significantly decreased,
indicating faster release occurred, which was also observed with GODZ KO cells.
Despite the increase in amplitude, the decrease in halfwidth proved to be the more
significant factor in determining the number of molecules released, which significantly
decreased versus WT. The combination of an increase in amplitude with a decrease in
halfwidth indicated that although the fusion pore was open for a shorter time, there was
likely more free histamine in the granule that could be secreted during the shorter period
of time. The decreases in halfwidth and number of molecules observed in both knockout
cell types might also point to the lack of palmitoylation of the proteoglycan matrix,
causing histamine to preferentially stay in the solution phase of the granule.
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Though palmitoylation plays a role in the regulation of VGCCs24, 25, the lack of
modification present on these entities likely does not affect mast cell exocytosis, since the
gene deletion of GODZ was not found to change calcium influx/release in these cells.
However, the lack of palmitoylation of synaptotagmin may also account for the changes
in transmitter release in the KO cells. Synaptotagmin functions as the calcium sensor that
appears to initiate the fusion event at the plasma membrane as part of the SNARE
complex. It has been found that without the palmitate modification, the protein is not
effectively targeted to synaptic vesicles.9 Consequently, calcium influx/release following
stimulation might not be as effective at eliciting exocytosis as in WT cells.
Additional experiments should be performed to better elucidate the roles of
GODZ and SERZ-β in calcium transport and release in the processes of hippocampal
neurons. To better understand how these two proteins function in intracellular calcium
store release, release from stores should be directly elicited with a stimulant such as
caffeine. Caffeine interacts with ryanodine receptors, which mediate calcium-induced
calcium release from intracellular store in the ER.40, 41 Moreover, experiments should be
performed to further interrogate the effects of SNARE complex protein palmitoylation on
mast cell exocytosis. The use of the PAT inhibitor, 2-bromopalmitate,42, 43 should yield
additional insights into how the lack of SNARE complex protein palmitoylation affects
exocytosis. If the palmitoylation of SNAP-25, synaptotagmin, and synaptobrevin does
effect the kinetics of transmitter release as observed in the experiments presented in this
chapter, changes in transmitter release similar to that seen with the GODZ and SERZ-β
KO cells should be observed.
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Conclusions
Gene deletion of both GODZ and SERZ-β from murine hippocampal neurons and
mast cells was found to not only alter calcium signaling within the cells, but also cause
changes in stimulated exocytotic release of transmitters.

The processes of DKO

hippocampal neurons were found to have lower increases in free calcium concentration
(F/F0 maxima) when compared to WT following stimulation. Since the corresponding
maximum F/F0 values for the neuronal somata did not display the same decrease in
fluorescent intensity change, the effects of gene deletion are likely more prominent at the
synaptic membranes. These results appear to indicate that changes in the activity of
VGCCs occur owing to the lack of palmitoylation of the β2A subunit of the channel.
The levels of intracellular calcium influx following stimulation in mast cells, on
the other hand, was not found to significantly decrease in the knockout cells, suggesting
that the VGCCs are not affected by palmitoylation in these peripheral cells. For the
extocytotic release experiments, whereas histamine release was found to vary more
significantly than serotonin for GODZ KO cells, both serotonin and histamine release
were affected by the loss of SERZ-β, particularly with regards to release kinetics. These
changes indicate that both GODZ and SERZ-β play a role in the interactions between the
granules and the plasma membrane, e.g. variations in the proteoglycan matrix of the
granules or granule fusion stability at the membrane. The lack of palmitoylation of key
proteins (SNAP-25, synaptotagmin, and synaptobrevin) or the matrix contained within
the granules might modify the machinery that operates the exocytotic process and thus
caused the changes observed. Future experiments are necessary to further elucidate if the
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inability of the matrix or these proteins to be palmitoylated directly causes these changes
observed in exocytosis.

107

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

H. Lodish, A. Berk, L. S. Zipursky, P. Matsudaira, D. Baltimore and J. Darnell,
eds., Molecular Cell Biology, W.H. Freeman, New York, NY, 2000.
S. Tuboi, N. Taniguchi and N. Katunuma, eds., The Post-Translational
Modification of Proteins, CRC Press, Boca Raton, FL, 1992.
J. C. Paulson, Trends Biochem. Sci., 1989, 14, 272-276.
M.-J. Bijlmakers and M. Marsh, Trends Cell Biol., 2003, 13, 32-42.
J. Greaves, G. R. Prescott, O. A. Gorleku and L. H. Chamberlain, Mol. Membr.
Biol., 2009, 26, 67-79.
D. el-Husseini Ael and D. S. Bredt, Nat. Rev. Neurosci., 2002, 3, 791-802.
M. B. Dalva, J. Cell Biol., 2009, 186, 7-9.
J. Greaves, G. R. Prescott, Y. Fukata, M. Fukata, C. Salaun and L. H.
Chamberlain, Mol. Biol. Cell, 2009, 20, 1845-1854.
R. Kang, R. Swayze, M. F. Lise, K. Gerrow, A. Mullard, W. G. Honer and A. ElHusseini, J. Biol. Chem., 2004, 279, 50524-50536.
M. Veit, A. Becher and G. Ahnert-Hilger, Mol. Cell. Neurosci., 2000, 15, 408416.
T. Uemura, H. Mori and M. Mishina, Biochem. Biophys. Res. Comm., 2002, 296,
492-496.
C. Fang, L. Deng, C. A. Keller, M. Fukata, Y. Fukata, G. Chen and B. Luscher, J.
Neurosci, 2006, 26, 12758-12768.
J. Chaudhary and M. K. Skinner, Endocrinology, 2002, 143, 426-435.
C. A. Keller, X. Yuan, P. Panzanelli, M. L. Martin, M. Alldred, M. SassoePognetto and B. Luscher, J. Neurosci., 2004, 24, 5881-5891.
A. Goytain, R. M. Hines and G. A. Quamme, J. Biol. Chem., 2008, 283, 3336533374.
S. Murakami, The Pennsylvania State University, University Park, 2008.
E. N. Pothos, S. Przedborski, V. Davila, Y. Schmitz and D. Sulzer, J. Neurosci.,
1998, 18, 5575-5585.
P. J. Millard, T. A. Ryan, W. W. Webb and C. Fewtrell, J. Biol. Chem., 1989,
264, 19730-19739.
F. von zur Muhlen, F. Eckstein and R. Penner, Proc. Natl. Acad. Sci. U.S.A.,
1991, 88, 926-930.
K. Pihel, S. Hsieh, J. W. Jorgenson and R. M. Wightman, Anal. Chem., 1995, 67,
4514-4521.
L. Tabares, M. Lindau and G. Alvarez de Toledo, Biochem. Soc. Trans., 2003, 31,
837-841.
E. V. Mosharov and D. Sulzer, Nat. Methods, 2005, 2, 651-658.
M. L. Roberts-Crowley, T. Mitra-Ganguli, L. Liu and A. R. Rittenhouse, Cell
Calcium, 2009, 45, 589-601.
N. Qin, D. Platano, R. Olcese, J. L. Costantin, E. Stefani and L. Birnbaumer,
Proc. Natl. Acad. Sci. U.S.A., 1998, 95, 4690-4695.
J. H. Hurley, A. L. Cahill, K. P. M. Currie and A. P. Fox, Proc. Natl. Acad. Sci.
U.S.A., 2000, 97, 9293-9298.

108

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

G. R. Prescott, O. A. Gorleku, J. Greaves and L. H. Chamberlain, J. Neurochem.,
2009, 110, 1135-1149.
S. S. Loranger and M. E. Linder, J. Biol. Chem., 2002, 277, 34303-34309.
R. C. Desai, B. Vyas, C. A. Earles, J. T. Littleton, J. A. Kowalchyck, T. F. Martin
and E. R. Chapman, J. Cell Biol., 2000, 150, 1125-1136.
G. A. de Toledo, R. Fernandez-Chacon and J. M. Fernandez, Nature, 1993, 363,
554-558.
T. J. Schroeder, R. Borges, J. M. Finnegan, K. Pihel, C. Amatore and R. M.
Wightman, Biophys. J., 1996, 70, 1061-1068.
C. Fernandez-Hernando, M. Fukata, P. N. Bernatchez, Y. Fukata, M. I. Lin, D. S.
Bredt and W. C. Sessa, J. Cell Biol., 2006, 174, 369-377.
Y. Ohno, A. Kihara, T. Sano and Y. Igarashi, Biochim. Biophys. Acta, 2006,
1761, 474-483.
J. Greaves, C. Salaun, Y. Fukata, M. Fukata and L. H. Chamberlain, J. Biol.
Chem., 2008, 283, 25014-25026.
J. Charollais and F. G. Van Der Goot, Mol. Membr. Biol., 2009, 26, 55 - 66.
S. Planey and D. Zacharias, Mol. Membr. Biol., 2009, 26, 14-31.
P. Washbourne, V. Cansino, J. R. Mathews, M. Graham, R. D. Burgoyne and M.
C. Wilson, Biochem. J., 2001, 357, 625-634.
G. Edgren, B. Havsmark, M. Jonsson and L. A. Fransson, Glycobiology, 1997, 7,
103-112.
N. Puri and P. A. Roche, Proc. Natl. Acad. Sci. U.S.A., 2008, 105, 2580-2585.
E. R. Travis, Y. M. Wang, D. J. Michael, M. G. Caron and R. M. Wightman,
Proc. Natl. Acad. Sci. U.S.A., 2000, 97, 162-167.
P. S. McPherson, Y. K. Kim, H. Valdivia, C. M. Knudson, H. Takekura, C.
Franzini-Armstrong, R. Coronado and K. P. Campbell, Neuron, 1991, 7, 17-25.
A. Malgaroli, R. Fesce and J. Meldolesi, J. Biol. Chem., 1990, 265, 3005-3008.
B. C. Jennings, M. J. Nadolski, Y. Ling, M. B. Baker, M. L. Harrison, R. J.
Deschenes and M. E. Linder, J. Lipid Res., 2009, 50, 233-242.
I. Mikic, S. Planey, J. Zhang, C. Ceballos, T. Seron, B. von Massenbach, R.
Watson, S. Callaway, P. M. McDonough, J. H. Price, E. Hunter, D. Zacharias and
I. James, in Methods in Enzymology, Academic Press, 2006, pp. 150-187.

109

Chapter 6
Characterization of Patterned Carbon
Electrodes for Coulometric Detection
on a Microchip Separation Device
Introduction
The field of microchip electrophoresis (MCE) was born from the micro-total
analysis system (μTAS) revolution. First described by Manz et al.1, the μTAS concept
strives to miniaturize multiple pieces of lab equipment onto a single device capable of
sampling from a specimen, pre-treating the sample, and detecting the analyte(s) of
interest. The miniaturization of these analyses has the benefits of requiring lower sample
volumes and reagent consumption. Furthermore, analysis times can be reduced with
MCE devices increasing the throughput and multiplexing of data collection.2, 3
MCE is derived from capillary electrophoresis (CE), a technique which utilizes a
voltage applied across a fused silica capillary to separate samples into their component
analytes.4 The analytes are separated as they migrate down the capillary based on their
relative charge and size (electrophoretic flow) as well as the influence of electroosmotic
force (EOF). Electrophoretic flow causes cations to flow towards the negatively charged
cathode, while anions move towards at the anode. The movement of the anions and
neutral molecules (which remain stationary) towards the cathode and the detector is thus
based only on EOF. EOF is generated by the interaction of negatively charged silanol
groups on the capillary walls with cations in the buffer solution to create a double layer.
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The outermost portion of the solution layer of the two consists of solvated cations, which
are capable of pulling the rest of the solution containing both neutrals and anions to the
cathode.

These same principles also govern the separation of analytes in the

microchannels employed in MCE. Moreover, MCE has several benefits over CE. With
MCE, separation efficiency can be increased since lower voltages can be used in
conjunction with shorter separation channels to yield higher electric field strengths than
can be obtained with traditional CE. To obtain these same field strengths in a capillary,
high voltages are necessary, which in turn generate Joule heat that cannot be effectively
dissipated, causing the separation to be less efficient and irreproducible. Additionally,
the use of these increase field strengths also functions to decrease analysis times with
MCE since the ions are provided with more kinetic energy to travel down the capillary
faster.
With respect to detection, laser-induced fluorescence (LIF) has translated well
from CE in these devices since it has fast response time, high sensitivity and
compatibility with transparent substrates commonly utilized for microfabrication such as
glass or polydimethylsiloxane (PDMS). The integration of electrochemical detection to
the MCE platform has suffered from a loss in sensitivity for concentration-limited
samples when integrated on-chip.

However, the added selectivity electrochemisty

provides for mixtures containing natively electroactive species is particularly attractive
for detection. Many groups have developed electrochemical based detection schemes for
MCE5, 6, but the concentration-limited nature of biological samples has led to the search
for even more sensitive detectors in recent years.7-10
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One method to increase detector sensitivity is to limit the diffusion of the eluting
analytes away from the electrode during the detection process. To limit analyte diffusion,
this chapter describes the fabrication and characterization of a PDMS separation channel
that has been reversibly bound to a quartz wafer patterned with a carbon microelectrode
to produce a coulometric detector with nearly 100% coulometric efficiency. The key
aspect of this detection scheme is the combination of a short channel height with the
benefits of a carbon electrode (i.e. resistance to fouling and a large working range of
analytes11). Furthermore, the device employs a novel decoupling scheme that utilizes a
frustum at the outlet of the channel to aid in the dissipation of the potential field
associated with the applied voltage in the separation channel, allowing for the detection
of the analyte oxidation currents at the working electrode. This scheme when used with a
gated injection employs low injection volumes (in the pL range) to produce an increase in
the observed signal from the carbon electrode versus electrochemical detection in CE.

Materials and Methods
Materials
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted and used as received. SU-8 5 photoresist and developer were purchased
from Microchem Corp. (Newton, MA). Sylgard 184 (PDMS) was purchased from Dow
Corning (Midland, MI, USA). Borate buffer employed for the separations consisted of
10 mM sodium tetraborate (pH = 9.5) dissolved in doubly distilled water.

Stock

solutions of 10 mM dopamine and 10 mM serotonin were prepared in 0.1M perchloric

112

acid and diluted in borate buffer to the desired concentration immediately prior to each
experiment.

Electrode Fabrication
Masks for the pyrolyzed electrodes were designed in L-Edit (Tanner Research,
Monrovia, CA) and fabricated with a laser pattern generator on a chrome soda lime mask
(Photosciences Inc., Torrance, CA). Pyrolyzed photoresist electrodes were fabricated by
Matthew Zachek of the McCarty Lab (Department of Biomedical Engineering, North
Carolina State University) as described previously.12 Briefly, 500-μm thick fused silica
quartz wafers (University Wafer Inc., Boston, MA) were coated with a positive tone
photoresist (AZ1518, AZ Electric Materials, Branchburg, NJ). Each wafer was then
exposed through the chrome mask to pattern the electrodes onto the quartz substrate.
Subsequently, the unpolymerized areas of resist were removed with developer solution.
The remaining resist was pyrolyzed at 1000 oC under a forming gas atmosphere of 95 %
N2, 5 % H2 in a quartz tube furnace (Sentro Tech Inc., Berea, OH). During pyrolysis, the
resist layer shrinks from a thickness of 2.0 μm to form a 500-nm thick carbon film.
External connections to the electrodes were made using stainless steel wire (World
Precision Instruments, Sarasota, FL) and silver epoxy (Epoxy Technology, Billerica,
MA).

Separation Channel Fabrication
Masks were designed in Adobe Illustrator CS3 and printed onto transparency
films by a laser photoplotter (CAD/Art Services, Bandon, OR). To create master molds
for the separation channels, SU-8 negative photoresist was spun onto silicon wafers and

113

exposed through the designed mask. Unpolymerized resist was removed by exposure to
developer solution to yield the silicon master. PDMS prepolymer (12:1 base:curing agent
mixture) was poured onto the master molds and cured at 80 oC for one hour. The channel
created in the cured polymer was subsequently peeled from the master. Inlet and outlet
holes of the device were removed with a tissue punch before the channel was irreversibly
sealed to the quartz substrate with oxygen plasma treatment (Figure 6-1).

Computational Fluid Dynamics
Computational fluid dynamics (CFD) simulations were performed with Comsol
Multiphysics 3.5, a finite element analysis solver. A two-dimensional geometry was used
to model the microchannel device to create a cross-sectional view of the fluid flow across
the electrode. The following constants were used: diffusion coefficient, D = 5.0 x 10-6
cm2 s-1; density, ρ = 1.0 g mL-1; dynamic viscosity, μ = 1.0 x 10-3 Pa s; initial
concentration, c0 = 20 x 10-6 mol L-1.

Incompressible Navier-Stokes equations were

initally solved, given by:
∂u
+ ρu ⋅ ∇u = −∇p + μ∇ 2 u
∂t

∇⋅u = 0
where u is velocity, t is time, ρ is density, p is pressure, and µ is dynamic (absolute)
viscosity. Subsequently, equations for convection and diffusion,
∂c
+ u ⋅ ∇c = D∇ 2 c
∂t
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Figure 6-1. Fabrication of the coulometric device. A) Schematic of the two layers of the
device. The top layer is made of PDMS, which was cast onto a master mold containing
the channel design. The lower layer consists of a quartz wafer patterned with carbon
electrodes fabricated by the pyrolysis of photoresist. The PDMS is irreversibly bound to
the quartz prior to experiments being performed. B) Image of the completed device with
stainless steel wire connections to interface with the potentiostat supplying the
overpotential for the amperometric detection. Platinum wires are inserted in each of
reservoirs (black arrows) to allow for potential to be applied across the channels with a
high voltage supplies.
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were solved, where c is concentration, t is time, u is velocity, and D is the diffusion
coefficient. Analyte concentration was set to zero at the electrode surface to simulate the
analyte oxidation process.
Simulations were also performed to determine the dimensions of the frustum
required to dissipate the potential field applied across the separation channel.

The

channel was modeled in two dimensions to yield a top view. In addition to the constants
used to solve the Navier-Stokes equations, the following electrokinetic flow constants
were used: electrical conductivity, σ = 0.11 S m-1; electric permittivity of water, εw =
80.2 F m-1; zeta potential, ζ0 = -0.032 V. After Navier-Stokes equations were solved, the
equation that calculates the electric potential in the channel given by:
∇ ⋅ ( −σ∇V ) = 0

was solved, where σ is the electrical conductivity of the fluid and V is the electric
potential.

Separations
Microchannel separations were performed with a μTK high voltage power supply
(Micralyne, Edmonton, AB, Canada). The channels were prefilled with borate buffer
with pressure flow from a syringe pump (Harvard Apparatus, Holliston, MA). A high
voltage (750 V) was applied to the buffer reservoir and a lesser voltage (500 V) to the
sample reservoir, while the buffer and sample wastes were set at ground during the
separations.

Gated injections were utilized to introduce sample into the separation

channel of the cross-T device by temporarily floating voltage at the buffer waste reservoir
for 5 s. The working pyrolyzed electrode was held at a potential of +750 mV versus a
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Ag/AgCl reference electrode.

Faradaic currents generated from the oxidation of

electroactive species were augmented with a current amplifier (Keithley model 427,
Cleveland, OH) and collected with a Lab View 7.1 interface (National Instruments,
Austin, TX).

Results and Discussion
Modeling Coulometric Detection with CFD Simulations
CFD simulations were performed to determine what parameters were necessary
for achieving coulometric detection in the fabricated device.

The two-dimensional

simulation mimics a cross-sectional view of the channel with a height of 5 μm and the
surface area of the electrode (500 nm high, 100 μm wide). The fluid flow through the
channel depicts the movement of a 20 μM solution of dopamine interacting with the
electrode at different velocities (Figure 6-2A). For the fluid velocities utilized here, the
small dimensions of the electrode do not markedly perturb the fluid flow, causing no
turbulence near its onset. Consequently, only the flow velocity dictates how much of the
analyte in solution is oxidized. It was observed that faster flow rates (0.56, 0.83, and 1.11
cm s-1) caused a decrease in coulometric efficiency as would be expected since diffusion
layer decreases closer to the electrode surface for these rates, allowing more analyte to
flow past the electrode. For the slower flow rates (0.11 and 0.28 cm s-1), however, the
diffusion layer encompasses nearly the entire height of the channel, yielding nearly
complete oxidation of the analyte due to the greater influence of diffusion versus
convection. The steady state current generated for these simulations was compared to
that calculated for a 100% coulometric device at the same velocities (Figure 6-2B). The
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Figure 6-2. Comparison of ideal, simulation, and experimental data determined for the
coulometric device. A) Simulated concentration profiles in the separation channel across
the electrode (white cutout) with high concentration depicted in red and low
concentration in blue. Low concentration denotes oxidation of the species by the
electrode. Slower flow rates were found to display more coulometric type detection than
higher rates. B) Plot illustrating the current expected in a 100% coulometric device
(ideal), simulated results, and experimental data.
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ideal current for the 100% efficiency at each flow rate was calculated using the equation,
iss = nFĴ,
where n is the number is electrons involved in the oxidation, F is Faraday’s constant, 96,
485 C mol-1, and Ĵ is the product of flux and area. This comparison confirms that for the
lower flow rates utilized in the simulation, the system should have nearly 100 %
coulometric efficiency. For the higher velocities (0.56, 0.83, and 1.11 cm s-1), however,
ideal current values begin to deviate from the simulated ones. This deviation is caused by
an increase in convection within the channel as well as the decrease in diffusion layer
thickness which the ideal calculations do not take into account.

Electrode Characterization
The experimental coulometric efficiency of the device was also interrogated in a
flow system that employed a syringe pump to deliver 20 μM dopamine through the
separation channel at the same velocities examined during the simulations and the ideal
coulometric current calculations (Figure 6-2B). As the dopamine solution was flowed at
a constant velocity through the channel, flux at the electrode was monitored for the
complete oxidation species. Unfortunately, the values for the higher flow rates (0.83 and
1.1 cm s-1) could not be obtained due to back-pressure issues causing leaks in the PDMS
seal. However, the lower velocities (0.11 and 0.28 cm s-1) were found to correlate with
both the ideal and simulated data, yielding coulometric efficiencies of 78 % and 62 % for
0.11 cm s-1 and 0.28 cm s-1, respectively. These velocities are more than adequate for
conducting microchannel separations since even at the highest voltage that would be
employed during a separation (1500 V), the corresponding velocity would be 3.75 x 10-3
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cm s-1.

Consequently, the flow rates corresponding to the voltages chosen for the

separations were all within the coulometric range.
The MCE microelectrodes were characterized with cyclic voltammetry. With the
separation channel in place, a solution of 1 mM ferrocene and 100 mM
tetrabutylammonium perchlorate (TBAP) in acetonitrile was deposited into the buffer
waste reservoir of the system with a Ag/AgCl wire serving as a reference electrode. The
cyclic voltammograms generated at the different scans are plotted in Figure 6-3A.
Increased scan rate led to increases peak current (ip) as expected.

However, the

separation between the anodic and cathodic peak currents also increases, indicating that
electrode response was not solely based on the effects of diffusion. Though it is possible
that the size of the diffusion layer decreased at the faster scan rates to produce the
increase in peak separation, it is unlikely that the scan rates employed for this study
caused this phenomenon since the diffusion layer for the fastest rate (1600 mV s-1) was
calculated to be 25 μm, much larger than the 5-μm height of the channel. A plot of ip
versus scan rate (Figure 6-3B) revealed that the electrode was not a thin layer cell and
therefore the coulometric efficiency was not 100 % since ip was not proportional to scan
rate, but rather to the square root of the scan rate (Figure 6-3C). This result, when
combined with the simulation data, implies that convection plays a larger role in the
system than originally anticipated.

Characterization of Microchannel Flow and Coulometric Efficiency of Detection
Preliminary separations on the device were completed to determine the rate of
EOF within the channel using laser induced fluorescence detection (LIF). Rhodamine B
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Figure 6-3. Cyclic voltammetry characterization of pyrolyzed photoresist electrodes
with 1 mM ferrocene and 100 mM TBAP. A) Plot depicting the effects of increasing
scan rate on the ferrocene reaction. The black trace corresponds to 100 mV s-1, the blue
to 200 mV s-1, red to 400 mV s-1, green to 800 mV s-1, and orange to 1600 mV s-1. B)
Plot of peak current versus scan rate. C) Peak current plotted versus the square root of
scan rate, indicating that the electrode is not acting as a thin layer cell.
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dye was utilized as a neutral fluorescent marker and run in 10 mM borate buffer at a
voltage of 1 kV (Figure 6-4). Using the equation for apparent mobility (μapp), which is
equivalent to EOF for a neutral molecule,
,
where L is the length of separation channel, tM is the migration time for the analyte, and V
is the applied voltage, EOF could be calculated for the device. EOF was found to be 3.5
x 10-5 cm2 s-1 V-1. Although this value is an order of magnitude lower than that for a
typical fused silica capillary, it is reasonable when considering the channel consists of
both hydrophobic PDMS and quartz walls.
The original design of the pyrolyzed carbon electrode involved the patterning of a
decoupler in addition to the working electrode. The high electric potential that results
from the voltage applied during the separation interferes with electrochemical detection
at the working electrode. To isolate the working electrode and allow for the detection of
the faradaic currents associated with the oxidation of the analytes, the inclusion of a
decoupler serves to ground the current generated from the applied voltage prior to the
working electrode. Decouplers have previously been fabricated from various materials
such as indium tin oxide13, gold14, platinum15, and palladium16-19. Of these materials,
palladium has most often been employed due to its ability to absorb the hydrogen gas
generated from the hydrolysis of water in the microchannel.16 However, the deposition
and etching steps required to pattern the palladium decoupler onto a substrate are not
compatible with the patterning and pyrolysis processes involved in the fabrication of the
carbon electrodes employed in this chapter. Consequently, a carbon decoupler was also
patterned in addition to the working electrode for this system.
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When electrophoretic separations were combined with electrochemical detection,
however, the applied voltage caused the patterned decoupler to be chemically etched
from the surface during the filling of the channel with buffer. Because of the importance
of current dissipation for electrochemical detection in the device, a new design for the
microchannel was developed, which introduced the addition of a frustum to the end of the
channel to widen the outlet (Figure 6-4A). By widening the outlet of the channel, the
local resistance of the solution is decreased, yielding a voltage drop across the space
where the electrode is placed. Though frusta have been employed for voltage dissipation
and electrode placement in fused silica capillaries for years,20, 21 this is the first instance
that a frustum has been utilized in a microchannel in conjunction with in-channel
electrochemical detection. To determine what dimensions would best complement the
existing channel and electrode configuration, the angle θ and the extension of the frustum
past the end of the channel (d) were varied.
These designs were subsequently modeled with CFD to discern which of them
would best dissipate the electric field from the channel (Figure 6-4B). In the simulations,
the potential field in the channel is shown to be constant (dark red), but begins to
decrease as the resistance in the channel decreases as the frustum enlarges. Comparison
of the change in potential field strength across the distance, d, for the different
dimensions is displayed in Figure 6-4C. Of the dimensions simulated, the 30o angle
extending 4 mm away from the end of the channel and the 40o angle with a 3 mm
extension were found to dissipate the electric field enough to be able to detect the
faradaic currents generated by analyte oxidation at the electrode (approximately 15 V cm1

). These two designs were thus fabricated and experimentally tested. The 30o angled
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Figure 6-4. Simulation data for the decrease in electric field in the separation channel
with the addition of a frustum at the outlet of the channel. A) Simulated electric field
profile for the channel plus frustum design. High potential field is shown in red, while
the low field is depicted in blue. The inset highlights the parameters varied during
frustum design. The angle θ was varied between 30o and 40o, whereas the distance, d,
was varied between 2 mm to 4 mm. Placement of the electrode in the channel is
indicated by the dashed black line. Line scans of the electric field across the frustum
(taken from the area highlighted by the white line) were obtained from the different
designs and are plotted in (B). The black line corresponds to a frustum with θ = 30o and
d = 3 mm, the blue to θ = 30o and d = 4 mm, the red to θ = 40o and d = 2 mm, and the
green to θ = 40o and d = 3 mm. Of these, the frusta with θ = 30o, 4 mm distance and θ =
40o, 3 mm distance were found to dissipate the voltage enough to allow for the current
generated by the oxidation of the analyte at the electrode to be detected.
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frustum with the 4-mm extension was eventually chosen for subsequent separations due
to the smaller area created by its dimensions (area = 7.8 mm2 for the 30o, 4-mm extension
versus 8.7 mm2 for the 40o, 3-mm extension) to help minimize any diffusion of the
analytes after entering the wider portion of the channel.

Separation of Standard Solutions of Biogenic Amines
The microchannel device was subsequently interrogated to determine the usable
working voltage range. At higher voltages, the effects of Joule heating cause alterations
in EOF in the separation channel to decrease separation efficiency by changing the mass
transport of separated analytes.22 To ensure that all experiments were conducted at
voltages that did not have significant Joule heating, an Ohm’s Law plot was created
(Figure 6-5). The plot remains linear in the applied potential range from 250 to 1000 V,
indicating that Joule heating was not affecting the quality of separations at these voltages.
The voltages employed during the separations performed in this chapter to allow for
coulometric detection fall within this range.
Once the voltage was determined to be in the valid working range, separation of a
mixture of 100 μM dopamine and 100 μM serotonin was performed. A representative
electropherogram (Figure 6-6) displays two resolved peaks; the first of which
corresponds to dopamine and the second to serotonin. The noise of the device was
observed to be in the sub-nA range with an average S/N of 22:1 for dopamine and 37:1
for serotonin (n = 4 separations). Integration of the analyte peaks for the analyzed
electropherograms (n = 4) yielded an average number of moles for dopamine equal to
72.9 ± 12 fmol, while the average number of moles for serotonin was 66.5 ± 16 fmol.
The similar values obtained for both compounds indicates that there was no sampling
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Figure 6-5. Ohm’s Law plot detailing the current (μA) versus voltage for the device.
Because the plot does not deviate from linearity until the applied separation potential is
greater than 1000 V, the voltages that were employed during the experiments described in
this chapter were assumed to not be subject to extensive Joule heating.
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Figure 6-6. Representative electropherogram presenting the separation of dopamine and
serotonin on the coulometric microchannel device.
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bias for serotonin created by the electrokinetic injection that decreases the current
detected at the electrode as has previously been observed with traditional CE23.

The

limits of detection for the microdevice were calculated to be approximately 5 fmol, while
the coulometric efficiency was determined to be 63 ± 10 % for dopamine and 57 ± 14 %
for serotonin.
Additionally, the results observed in these experiments display an increase in
detection sensitivity versus traditional CE.

For the standard solution mixture of

dopamine and serotonin, a greater amount of current was observed for both 100 μM
compounds with MCE separations than has been seen with CE in previous experiments21,
23

. The maximum amplitude observed for dopamine peaks with CE is approximately 1

nA, whereas that for serotonin is approximately 600 pA.23 For MCE, on the other hand,
the dopamine amplitude has averages 22 ± 9 nA, while that for serotonin averages 37 ±
19 nA, displaying over an order of magnitude increase in signal.

Conclusions
Patterned pyrolyzed photoresist microelectrodes were combined with a separation
channel of a short height (5 μm) to produce a microchip electrophoresis device.
Simulations and experimental data collected demonstrate that the device has better
coulometric efficiencies at low linear velocities, which correspond to the velocities
generated by the applied voltages used during the separation. The novel introduction of a
frustum to the microchannel design allows for efficient decoupling of the voltage applied
during the separation to dissipate the electric field and isolate the working electrode. The
isolation of the working electrode permits the detection of the currents resulting from the
oxidation of the electroactive species in the sample to be detected. The detector was
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found to have low noise values in the sub-nA range, capable of detecting both dopamine
and serotonin from a mixture separation on the device. Further, the device was observed
to have an order of magnitude increase in signal derived from the oxidation of both
dopamine and serotonin when compared to traditional CE.
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Chapter 7
Summary and Future Directions
Introduction
The preceding chapters have described the use of both traditional (constant
potential amperometry and fast-scan cyclic voltammetry) and more modern techniques
(microfluidics, cellular patterning, and microchip electrophoresis) to investigate cellular
function in in vitro model systems. Platforms for dissecting communication between
cells were discussed in chapters 2 and 3. The development of a microfluidic device (2)
combined with cells spatially adhered in a defined pattern (3) can take advantage of the
laminar flow and hydrodynamic fluid focusing abilities of microfluidics to interrogate
single cells in a network. Changes in exocytosis based on drug treatment and gene
knockout were described in chapters 4 and 5. The effects of pramipexole were found to
decrease cellular dopamine levels in PC12 cells as expected for a D2 agonist, possibly
through its own uptake by VMAT into secretory vesicles (4). The removal of the Golgispecific DHHC zinc finger protein (GODZ) and the sertoli cell gene with a zinc finger
domain-β (SERZ-β) proteins from hippocampal neurons and mast cells also was found to
alter calcium transport and the kinetics of exocytosis (5). The loss of SERZ-β was found
to cause an increase in the amount of serotonin released from vesicles, while there was no
significant change for serotonin amount in the GODZ knockout. Histamine levels, on the
other hand, were found to decrease for both GODZ and SERZ-β knockouts. Finally, a
microchip electrophoresis scheme that utilized coulometric detection was discussed in
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chapter 6. The combination of short channel height with a patterned carbon electrode
was characterized and shown to have increased sensitivity over tradition capillary
electrophoresis. The following sections conclude this dissertation by outlining future
experiments based on the prior chapters and describe preliminary data not previously
presented.

Microfluidic Manipulation of Cellular Networks
Utilizing the microfluidic device described in chapter 2 in conjunction with the
sucrose patterning technique of chapter 3, networks of cells can be adhered to the surface
in a particular pattern surrounding the pharmacological outlets of the device (Figure 71A). With cells connected by functional synapses bound to the device, stimulants and
other reagents can simultaneously be introduced to the network to examine cellular
communication in closer detail. Prior to the use of the device, however, the distances
between the outlets of the pharmacological channels must be rescaled to have smaller
dimensions to allow single cells to be interrogated. With this smaller scaling, the number
of cells that can adhere to the area between the outlets on the surface is minimized as can
the distance cellular processes must grow for the cells to interact with each other.
Further, the dimensions of the pharmacological channels and outlets themselves must
also be scaled back to retain the hydrodynamic focusing abilities of the device. Slower
flow rates will likely be necessary to accommodate this smaller scaling, but the same
profile and fluid characteristics discussed in chapter 2 should remain despite the changes
in outlet dimensions.
Upon fabrication of the device, P19 cells might be patterned on the device in a
manner similar to the process patterning discussed in chapter 3. These cells are a good
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Figure 7-1. Cartoon schematic of a cellular network patterned onto the microfluidic
platform described in chapter 2. A) Cell somata (yellow ovals) will be patterned onto
the surface of the pharmacological outlet layer (black squares depict channel outlets)
prior to the growth of processes in defined geometries. B) Stimulation of a cell in the
network by hydrodynamic focusing from a pharmacological outlet.
Network
communication patterns will be monitored with fluorescence and/or electrochemistry
following stimulation. After the pattern of communication is accessed, changes in the
communication pattern can be observed following the ablation of this cell (C) to
determine whether cells no longer connected to the network will form new connections or
will die due to lack of stimulation (D).
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choice for interrogating synaptic communication in an immortal cell line since they form
functional synapses. P19 cells are derived from an embryonic carcinoma induced in the
C3H/He mouse strain and can be differentiated into a neuronal phenotype to form
excitatory synapses in the presence of retinoic acid.1, 2 These cells would serve as a good
model system to study cellular communication in a network with functioning synapses
prior to primary neurons being used. Following the characterization of network response
to single cell stimulation (or a group of cells being stimulated) with fluorescence or
electrochemistry, the neuroprotective capabilities of caffeine, nicotine, and estradiol
could be investigated to determine the extent to which these compounds are able to
counteract the effects of 6-hydroxydopamine (6-OH DA), which selectively eliminates
dopaminergic and noradrenergic cells as a model for the loss of neurons during
Parkinson’s disease. Further, changes in network properties could be examined over time
as they attempt to recover from lost interactions created by use of 6-OH DA to damage
increasing numbers of cells in the network, i.e. do new connections between the cells
form or will more cells atrophy and die because of lack of stimulation (Figure 7-1B-D)?
Following these cell line experiments, primary cultures of hippocampal and nigrostrial
neurons will be obtained from newborn rats. The viable inclusion of these neurons into
the fluidic system would subsequently lead to similar testing of the pharmacological
agents and network recovery after increasing damage, yielding better insights into how
these cells communicate in vivo.
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Electrophoretic Separation of Drosophila Melanogaster Heads
Although biogenic amines (Figure 7-2) dictate much of what goes on in the
central nervous system, much of their involvement in neuronal function as
neurotransmitters and neuromodulators is still uncertain with regard to behavioral
phenotypes and exposure to different environmental stimuli. Drosophila melanogaster
provides an ideal model system to study since the roles of these molecules are conserved
between fruit flies and mammals. The fly’s relatively simple nervous system (~200, 000
neurons), short life cycle, and the ease with which genetic manipulations can be carried
out allow a wide variety of mutants with varying behavioral traits to be created for
analysis.3, 4 These distinctive behaviors can subsequently be studied as the effects of cues
and associative/non-associative learning and memory.4
Despite hypotheses that subtle differences in amine levels and functions influence
traits and lead to cognitive, addictive, and affective disorders, there has so far been
limited experimental evidence to support these ideas.5

Utilization of analytical

separation techniques, such as capillary electrophoresis (CE) on intact samples of
Drosophila heads offers the capability to quantify these levels and correlate them with
observed behaviors. A subset of CE, micellar electrokinetic capillary chromatography
with electrochemical detection (MEKC-EC), has been utilized to examine these amine
levels in collaboration with the laboratory of Dr. Kyung-An Han in the Pennsylvania
State Department of Biology. With MEKC-EC, both individual and populations of fly
heads can be homogenized and the contents separated in a fused silica capillary. A
combination of the electric field, the interaction of the analytes with the micelles in the
run buffer formed the anionic surfactant sodium dodecyl sulfate (SDS), and the
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Figure 7-2. Biogenic amines that serve as neurotransmitters in mammals and Drosophila
and the metabolites formed during their deactivation within cells.
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complexation of the compounds with vicinyl hydroxyl groups with the borate also in the
run buffer allows the biogenic amines and their metabolites to be separated, while the
electrochemical detection selectively oxidizes only the electroactive compounds to
generate a corresponding current. These currents can subsequently be converted to the
amounts of the corresponding compounds. Thus far, separations have been performed to
observe if differences in neurotransmitter metabolism exist between individual flies in
genetically homologous Canton-S WT population in addition to experiments attempting
to correlate changing transmitter levels with ethanol exposure in bulk populations (40-50
heads per sample). For the individual fly head experiments, variations are observed in
the electropherograms obtained from different flies (Figure 7-3A), no trend is perceivable
that shows high transmitter, low metabolite or vice versa (e.g. high OA, low naOA,
Figure 7-3B). The ethanol exposure data also displays no noticeable trend in the analyte
levels due to large deviations in the mole amounts quantified from peaks in the separation
for the same exposure groups (Table 7-1). While the unperceivable trend across the
individual flies may simply mean that no variations in the metabolism of
neurotransmitters are discernable, the deviations present in the ethanol data indicate that
improvements in experimental protocol could be made to minimize them.
There are several options for reducing these differences. For instance, variations
in peak area obtained from electropherograms could be minimized by dissecting the brain
from the Drosophila head rather than using the entire head for homogenization.
Dissection of the brain removes the large overloading peaks seen during the whole head
separation due to eye pigments and cuticle compounds, which can obscure the smaller
peaks of interest. As seen in figure 7-4, the resulting electropherogram has no
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Figure 7-3. Separations and quantification of neurotransmitters from individual fly
heads. A) Three electropherograms generated from the separations of three single heads.
The plots have been offset to show the variation in the amount of electroactive
compounds present from a genetically identical population with the peaks that correspond
to several transmitters, metabolites, DA precursor, L-Dopa, and the internal standard
catechol (Cat) highlighted. B) Calculated mole amounts for several transmitters and
metabolites for the three flies shown in A). No trend with respect high transmitter/low
metabolite or vice versa was observed.
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DA
naOA
OA
na5HT
naDA
LDopa

Chronic
(moles)

Single
Exposure
(moles)

Age matched
chronic
(moles)

Abstinent
(moles)

Age matched
abstinent
(moles)

3.25 x 10-11 ±
1.43 x 10-11
1.02 x 10-10 ±
2.98 x 10-11
2.75 x 10-10 ±
8.42 x 10-11
3.96 x 10-10 ±
1.12 x 10-10
5.47 x 10-10 ±
1.26 x 10-10
2.13 x 10-9 ±
5.75 x 10-10

6.58 x 10-11 ±
1.66 x 10-11
3.44 x 10-10 ±
1.43 x 10-10
3.11 x 10-10 ±
6.13 x 10-11
5.71 x 10-10 ±
1.05 x 10-10
5.66 x 10-10 ±
7.7 x 10-11
4.77 x 10-9 ±
1.51 x 10-9

3.47 x 10-10 ±
2.47 x 10-10
3.21 x 10-10 ±
1.29 x 10-10
1.23 x 10-9±
5.02 x 10-10
7.17 x 10-10 ±
2.48 x 10-10
7.48 x 10-10 ±
2.94 x 10-10
6.26 x 10-9±
2.58 x 10-9

9.47 x 10-11 ±
2.28 x 10-11
2.10 x 10-10 ±
6.35 x 10-11
3.45 x 10-10 ±
9.82 x 10-11
4.50 x 10-10 ±
1.12 x 10-10
5.4 x 10-10 ±
1.34 x 10-10
3.37 x 10-9±
5.79 x 10-10

1.87 x 10-10 ±
6.12 x 10-11
2.61 x 10-10 ±
7.18 x 10-11
8.99 x 10-10 ±
3.56 x 10-10
1.43 x 10-9±
3.82 x 10-10
1.37 x 10-9±
2.84 x 10-10
5.15 x 10-9±
1.1 x 10-9

Table 7-1. Compilation of quantified biogenic amine and metabolite amounts obtained
from separations of populations of flies differentially exposed to ethanol. Chronic
exposure indicates that the flies were exposed to ethanol every day for 7 days, then
sacrificed on day 8, while single exposure flies were exposed on the seventh day and also
sacrificed on day 8. Abstinent flies were exposed for 7 straight days, then allowed to
recover without ethanol for 4 additional days, before sacrifice on day 12. Both age
matched sets of flies were never exposed to ethanol and served as a control against age
effects on transmitter levels (i.e. age matched chronic were sacrificed on day 8 and age
matched abstinent on day 12).
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Figure 7-4. Electropherograms of a single Drosophila brain (blue trace) and a single
intact head. By removing the cuticle surrounding the brain prior to running the
separation, the overloading peaks seen in an intact head electropherograms are removed,
allowing the smaller peaks of interest to be identified more easily.
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overloading peaks, and consequently, peaks of interest can more easily be identified and
quantified.

Unfortunately, however, the currents associated with oxidation of the

analytes remain low, which may be another reason for the deviations observed in the
quantification. There are two feasible options for increasing the signal obtained from
oxidation, decreasing the amount of homogenization liquid and/or increasing the
coulometric efficiency of the electrochemical detection. A decrease in the amount of
liquid added during the homogenization sample preparation step allows for less dilution
of the sample. Therefore, because only a small fraction of the sample is actually injected
into the capillary, this more concentrated sample permits more analyte to reach the
detector, yielding a greater signal. Typically, 1μL of perchloric acid is added per fly in
the sample as homogenization liquid. Lowering this amount to hundreds of nanoliters
will likely cause an increase in signal as shown by Powell et al.5 However, there is a
limit to how little liquid can be added before the separations are no longer reproducible
since there will be less volume available in the sample vial for the capillary and the anode
platinum wire to contact during the injection.
The minimization of analyte diffusion away from the electrode to increase the
coulometric efficiency of the detection scheme is the other option for increasing
oxidation signal. In the current configuration, a 5-μm cylindrical electrode is used as an
amperometric detector at the end of an etched capillary (outlet inner diameter is
approximately 70 μm). Because the diameter of the capillary is much larger than that of
the electrode, it is possible for analyte to pass through the column undetected. However,
if the detection scheme was to change to a coulometric scheme with nearly 100% of the
analyte oxidized, signal increases for the analytes would also be observed. Alas, due to
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the need to dissipate the high voltage utilized during the separation, a fustrum is etched
at the detection end, making it unfeasible to employ coulometric detection on a capillary.
Coulometric detection can nonetheless be used with microchip electrophoresis as
described in chapter 6. A move towards Drosophila sample analysis on microchip
separations platforms is also bolstered by the possibility of on-chip homogenization.
Inconsistent sample homogenization as well as sample loss during this step might also
lead to changes in the amounts observed at the detection end of separation during
different runs. The development of an on-chip homogenization protocol could aid with
these issues. Because fabrication of microchip devices is capable of creating uniform
homogenization/sample

inlet

reservoirs,

variations

caused

by

different

tissue

homogenizers, particularly for the individual fly head preparations whose mortars and
pestles fit together with differing degrees, can be minimized. Further, since the sample
will already be in the sample inlet, no sample loss will occur during the transfer step.
The inclusion of any of these alternative protocols might help to ameliorate any
inconsistencies present in electrophoretic analysis of neurotransmitters in Drosophila
melanogaster.
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