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Abstract

Caged compounds have been used extensively to investigate neuronal function in a variety of
preparations, including cell culture, ex vivo tissue samples, and in vivo. As a first step toward
electrochemically measuring the extent of caged compound photoactivation while also
measuring the release of the catecholamine neurotransmitter, dopamine, fast-scan cyclic
voltammetry at carbon-fiber microelectrodes (FSCV) was used to electrochemically characterize
4-hydroxyphenylacetic acid (4HPAA) in the absence and presence of dopamine. 4HPAA is a by-
product formed during the process of photoactivation of p-hydroxyphenylacyl-based caged
compounds, such as p-hydroxyphenylglutamate (pHP-Glu). Our data suggest that the oxidation
of 4HPAA occurs through the formation of a conjugated species. Moreover, we found that a
triangular waveform of -0.4 V to +1.3 V to -0.4 V at 600 V/s, repeated every 100 ms, provided
an oxidation current of 4HPAA that was enhanced with a limit of detection of 100 nM, while
also allowing the detection and quantitation of dopamine within the same scan. Along with
quantifying 4HPAA in biological preparations, the results from this work will allow the
electrochemical measurement of photoactivation reactions that generate 4HPAA as a by-product
as well as provide a framework for measuring the photorelease of electroactive by-products from

caged compounds that incorporate other chromophores.

Introduction

The small molecule, 4-hydroxyphenylacetic acid (4HPAA), is a naturally occurring,
electroactive phenolic compound formed in humans by the metabolism of aromatic amino acids.'
Recent interest in phenolic compounds has centered on its propensity to become nitrated; thus,
4HPAA has been proposed to be a biomarker for certain disease conditions that result in an

increase of nitrosative stress.” In addition, 4HPAA 1is used as a nutrient substrate in
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microorganisms that metabolize it to pyruvate and succinate during the aerobic respiration.’
More recently, 4HPAA has gained interest as an attenuator of DNA binding by Neisserial
adhesin regulator (NadR) protein, a gene suppressor protein found in most hypervirulent strains

of meningococcal bacteria.*”

In addition to its biological functions, 4HPAA is a degradation product of the
photoreaction of phenacyl-based caged compounds.®® A caged compound possesses a
photoactive trigger that inhibits the activity of its biological ligand; photoactivation, induced by
exposure to light of the proper wavelength, results in the near-instantaneous release of the
photocage and subsequent activation of the ligand. Caged compounds have frequently been

employed in the study of brain function, both ex vivo and in vivo.”

The phenacyl-based photoreaction (Scheme 1, Supplementary Information) involves a
Favorskii rearrangement, resulting in the formation of the activated biological molecule and
4HPAA. This reaction occurs, in some cases, within microseconds.”® The quantitation of
4HPAA, therefore, provides an opportunity to indirectly quantify that amount of biologically
active molecule formed by this reaction. Neurotransmitter molecules similar in structure to
4HPAA, such as tyramine and octopamine, have been shown to be electroactive and are readily
detectable by fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes. FSCV is a
well-established electrochemical method that provides sub-second temporal resolution and good
chemical selectivity when used for the detection of biogenic amine neurotransmitters.'®

Similarly, in this study, we have found that 4HPAA is also easily detectable by FSCV.

We have recently focused our efforts towards the sub-second quantitation of 4HPAA
with the goal of quantitatively measuring the impact of caged compound photoactivation on

dopamine (DA) release in brain tissue slices and in vivo. An important step in this process is the
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electrochemical characterization and optimization of 4HPAA with FSCV. Our results suggest
that 4HPAA undergoes an irreversible, two-electron oxidation that involves the formation of the
conjugated species. Moreover, we have optimized the voltammetric waveform to enhance
sensitivity to 4HPAA while also detecting DA simultaneously within the same scan. Using the
optimized waveform, a limit of detection of 100 nM and a linear response up to 500 um was
found, indicating that FSCV could be used to detect 4HPAA in physiological fluid as well as

quantify how much caged compound was photoreleased in the brain, both in vivo and ex vivo.

2. Experimental Procedures

2.1 Chemicals and solutions
DA, 4-hydroxyphenylacetic acid (4HPAA), and 4-methoxyphenylacetic acid (4MPAA) were

purchased from Sigma-Aldrich (St. Louis, MO, USA). Methyl-4-hydroxyphenyl acetate
(M4HPA) was acquired from Alfa Aesar (Ward Hill, MA). All aqueous solutions were made
with purified (18.2 MQ) water. Flow cell injection experiments were carried out in artificial
cerebrospinal fluid (aCSF) or phosphate buffer as specified. The aCSF consisted of 126 mM
NaCl, 2.5 mM KCI, 1.2 mM NaH,POy, 2.4 mM CacCl,, 1.2 mM MgCl,, 25 mM NaHCO;, and
20mM HEPES, and the pH was adjusted to 7.4. The phosphate buffer consisted of 3.3 mM
KH,PO4 and 5.8 mM NaH,PO4-2H,0, and the pH was adjusted to 2.71, 6.71, and 10.71
respectively. Concentrated stock solutions were prepared in 0.2 M perchloric acid and were
diluted with appropriate buffer for each experiment to desired concentrations on the beginning

day of each experiment.

2.2 Carbon-Fiber Microelectrode Fabrication

Cylindrical carbon-fiber microelectrodes were fabricated as previously described.'” Briefly, a 7

um diameter carbon-fiber (Goodfellow Cambridge LTD., Huntingdon, UK) was loaded into a
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glass capillary tube (1.2 mm O.D and 0.68 mm LD, 4 in long; A-M system Inc, Carlsborg, WA,
USA), which was then pulled using a PE-22 heated coil puller (Narishige Int. USA, East
Meadow, NY). Next, the carbon fiber was trimmed to about 30 um from the pulled glass tip,
which was sealed with epoxy resin (EPON resin 8§15C, EPIKURE 3234 curing agent, Miller-
Stephenson, Danbury, CT, USA) and cured at 100 °C for 1 hour. The electrodes were backfilled
with 0.5 M potassium acetate to obtain an electrical connection between the carbon-fiber and
electrode holder. Prior to the experiment, all electrodes were soaked in isopropanol for 10
minutes, and then electrochemically pretreated by scanning with the appropriate waveform, used
for each experiment, at a frequency of 60 Hz for 15 min and 10 Hz for 10 min. A Ag/AgCl wire,

locally fabricated, was used as the reference electrode.

2.3 Electrochemical Experiments

FSCV data were collected with a custom-modified ChemClamp potantiostat (Dagan,
Minneapolis, MN, USA) and TarHeel CV software provided by R.M. Wightman and M.L.A.V.
Heien (University of North Carolina, Chapel Hill, NC, USA). Measurements were acquired
using a two-electrode electrochemical cell. For flow cell injection analysis, a six-port sample
injector valve with 2 mL sample loop was mounted on a 2-position electric actuator (Valco Inc.
Houston, TX, USA). As the actuator was triggered by the software, it rotated the valve to inject
the sample for five seconds into a locally-constructed flow cell where the carbon-fiber working
electrode and reference electrode were located. Cyclic voltammograms were collected every 100

ms. The scan rate and waveform potentials were varied as needed.

Conventional scan cyclic voltammetry was carried out using a 730E biopotentiostat (CH
Instruments, Austin, TX) with a standard three-electrode system. A 3mm glassy carbon electrode

was used as the working electrode, a platinum wire was used as the counter electrode, and a
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Ag/AgCl electrode was used as the reference electrode (CH Instruments, Austin, TX). Prior to
collecting measurements, the glassy carbon electrode was polished with an electrode polishing
kit (CH Instruments, Austin, TX). For cyclic voltammetry experiments, 2mM 4HPAA was
prepared in aCSF (pH 7.4) and then loaded into a locally constructed electrochemical cell. The
potential was scanned from -0.4 V to either +1.0 V or +1.3 V, and the back to -0.4 V, at a scan
rate of 10 mV/s. The glassy carbon electrode was re-polished between experiments, and the
reference electrode was stored in 1M KCl while not in use. For data analysis, Electrochemical

Analyzer software (CH Instruments, Austin, TX) was used.

2.4 Statistics

All numerical values were represented as mean + standard error of the mean (SEM). For all
analyses, n is equal to the number of electrodes. GraphPad Prism 6 (GraphPad Software Inc, La

Jolla, CA, USA) was used to conduct statistical calculations and to present data.

3. Results and Discussion

3.1 Fast-Scan Cyclic Voltammetry of 4HPAA

The chemical structure of 4HPAA features a phenol group with an acetic acid group attached at
the para position (Scheme 1A). For our initial detection of 4HPAA with FSCV, a standard
triangular waveform, similar to that used to previously detect DA,'® was applied to a carbon-fiber
microelectrode by linearly scanning the electrode potential from —0.4 V to +1.0 V and back to —
0.4 V at a scan rate of 400 V/s and an update rate of 10 CVs/s. The non-faradaic charging current
was removed by subtraction of a set of averaged background scans collected from the same file.

A representative CV is shown in Fig. 1A.

<Please insert scheme 1, single column size>
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Scheme 1. Proposed oxidation reactions of 4HPAA, M4HPA, and 4MPAA. (A) Oxidation of
4HPAA to form a conjugated species and (B) the decarboxylation of 4HPAA. (C) Oxidation
of methyl-4-hydroxyphenyl acetate (M4HPA) and (D) 4-methoxyphenylacetic acid
(4MPAA).

The CVs obtained by FSCV were plotted in an unfolded manner, in which the switching
potential is located at the center of the plot, in order to clarify the location of the oxidation peaks.
The color plot and corresponding CV revealed that a large, faradaic current peak, due to the
oxidation of 4HPAA, occurs at approximately + 0.9 V as the potential was being scanned from +
1.0 V to — 0.4 V. The occurrence of this peak on the reverse scan is atypical; current due to the
oxidation of many electroactive neurotransmitters, such as (DA) and serotonin (5-HT), occur on
the front, forward scan. On the other hand, the oxidation peak of hydrogen peroxide also occurs
on the reverse scan under similar scan parameters.'’ Additionally, histamine and adenosine have
oxidation peaks detected on the reverse scan , exhibiting similar electrochemical behavior to that
of 4HPAA and hydrogen peroxide.'®" The authors stated that this phenomenon could have been
caused by the time required for electron transfer. It should also be noted that the oxidation peak

of 4HPAA occurred on the reverse scan even before filtering the file.
<Please insert figure 1 here, single column size>

A broad, shallow negative current (less than 10% of the oxidation current) also occurred
on the forward scan. The cause of this peak is unclear; however, this particular peak does not
appear on the first CV collected, but does appear on CVs collected 2 seconds after the electrode
was exposed to a 4HPAA bolus (data not shown). Therefore, it is possible that the peak is caused

by the formation and adsorption of a species as a result of the initial 4HPAA oxidation.”
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However, it is not clear if this current is faradaic or if it occurs as a result of an alteration in the

electrode background.

The current response at the oxidation potential of 4HPAA is shown in Fig 1B. This
current trace (top) has a square response to a 4HPAA bolus during the sample injection analysis.
Overall, the features of this CV, namely, the disparity in magnitude and the absence of a faradaic
reduction peak on the reverse scan, suggest that 4HPAA undergoes an irreversible

electrochemical reaction under these conditions.

3.2 Mechanisms of oxidation of 4HPAA

Two potential mechanisms that could be responsible for the oxidation current in Fig. 1
include the oxidation of 4HPAA to form a conjugated specie (Scheme 1A) and/or the
decarboxylation of 4HPAA (Scheme 1B). The conjugated specie is formed by a two-electron
oxidation reaction in which the phenolic proton and one of the protons located on the B-carbon
are removed. On the other hand, the decarboxylation reaction occurs when one of the protons
located on the negatively-charged carboxylic acid group is removed, forming a radical that

results in the release of a carbon dioxide molecule.
<Please insert figure 2 here, double column size>

To examine these potential mechanisms, we obtained CVs of 4HPAA and the related
compounds, methyl-4-hydroxyphenyl acetate (M4HPA) and 4-methoxyphenylacetic acid
(4MPAA) (Schemes 1C and 1D, respectively) at pH values of 2.71, 6.71, and 10.71 (Fig. 2). The
same electrochemical parameters employed in Fig.1 were used for these pH studies. At all pH

values, 4HPAA and M4HPA showed substantial faradaic oxidation currents that occurred on the
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reverse scan at about +0.9 V and +0.8 V, respectively, while 4AMPAA showed no appreciable
current at any pH. The pH value significantly impacted the oxidative current; responses
progressively decreased for 4AHPAA and M4HPA, with the highest current observed at pH 2.71
and the lowest current observed at pH 10.71 (p < 0.0001, n=4, two-way ANOVA, F (2,90)=

56.94).

The evidence presented here suggests that the oxidation of 4HPAA proceeds through the
formation of conjugated species. The para-methoxy derivative form of 4HPAA, 4MPAA,
showed only a negligible oxidation current compared to 4HPAA. This is not surprising, given
that the methoxy group on the ring would be expected to make the formation of the conjugated
specie energetically unfavorable. On the other hand, M4HPA showed an oxidation current
similar to 4HPAA at all pH values. Given that both M4HPA and 4HPAA possess an oxidizable
phenol group, both compounds can readily form the conjugated species (Scheme 1A and 1C).
The idea that MAHPA and 4HPAA undergo similar oxidation mechanisms is supported by other
reports in which the redox behavior of parabens and other analogues was investigated.”' Gil et al.
have employed an electrochemical method to investigate the association between the inductive
effect of different types of parabens and their redox behavior.?' This study suggests that the
phenolic hydroxyl group affects the oxidation state of parabens; thus, changes in pH influence

redox reactions, especially those involving H'.

This overall trend of decreasing oxidation current with decreasing pH seems to be
influenced by pH-induced charged states of 4HPAA and M4HPA. The pKa values of the
phenolic carboxylic acid and hydroxyl group of 4HPAA are 4.48 and 9.67, respectively; thus,
4HPAA is neutral under highly acidic conditions and negatively charged under neutral and basic

conditions.”” However, the pKa value of M4HPA is 8.4, making M4HPA neutral under both
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acidic and neutral conditions and negatively charged under highly basic conditions. When the
waveform in Fig. 1 is employed, the surface of the carbon-fiber microelectrode is held at a
potential of -0.4 V during the 93 ms that elapses in between 7 ms-duration voltage sweeps. This
electron-rich state would be expected to promote adsorption of positively-charged species while
repelling negatively-charged species. Our observations in Fig. 2 are consistent with this logic.
The oxidation currents for both 4HPAA and M4HPA are lowest at a pH of 10.71, conditions
under which both species are negatively charged, and are greatest at a pH of 2.71, at which both

species are neutral in charge.

The currents arising from the oxidation of M4HPA are greater than those arising from
4HPAA oxidation at pH values of 6.71 and 10.71. This difference likely occurs because 4HPAA
possesses a single negative charge compared to the neutral charge state of M4HPA at a pH of
6.71. Similarly, 4HPAA has a double negative charge while M4HPA has a single negative
charge at a pH of 10.71. The increased negative character of 4HPAA would be expected to
decrease its association with the negatively-charged electrode surface to a greater extent than

M4HPA, thereby decreasing the measured oxidation currents of 4HPAA at neutral and basic pH.

In addition to altering the charge state of the molecules of interest, pH can also influence
the carbon-fiber microelectrode surface. Oxide groups on the surface can undergo protonation
and deprotonation as environmental pH changes, thereby affecting electrochemical
responses.>** Moreover, the changes in pH tend to influence redox reactions, especially those
involving a loss or gain of H", as is commonly observed in phenolic compounds.” It is not clear
if these modifications would differentially influence oxidation currents obtained from 4HPAA

and M4HPA.
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<Please insert figure 3 here, double column size>

Currents measured at the electrode may be controlled in two fundamental ways: (1) the
electron transfer reaction of 4HPAA adsorbed onto the electrode surface cannot keep up with the
high scan rates employed when using FSCV (electron transfer-limited current) and (2) the
oxidation currents are limited by the ability of 4HPAA to diffuse to the electrode due to the high
scan rates employed (diffusion-limited current). To determine if the current is adsorption- or
diffusion-limited, we obtained CVs at scan rates ranging from 100 to 800 V/s (Fig. 3). When the
current response was plotted against various scan rates, shown in Fig 3A, linear responses were
observed up to 500 V/s (R?=0.9882), suggesting that the electrochemical reaction is adsorption
dependent up to this scan rate.”® At scan rates greater than 500 V/s, linearity is lost; however,
when these current responses were plotted versus square root of scan rate, as shown in Fig 3B,
the plot yielded a linear trace (R* =0.9822), suggesting diffusion control.'®*” Therefore, we
conclude that electron transfer kinetics for 4HPAA oxidation are influenced mostly by
adsorption at scan rates below 500 V/s, and diffusion at scan rates greater than 500 V/s."® These
factors likely contribute to the movement of the peak from higher to lower potentials (Fig. 3C),
that is, the electron transfer reaction shifts farther to the right of the switching potential of +1.0

V.
<Please insert figure 4 here, single columns size>

To determine if additional oxidation processes can be induced at higher potentials, the
waveform was modified so that the potential was scanned up to +1.3 V, while the holding
potential was still maintained at -0.4 V at 400 V/s (Fig. 4). The resulting CV revealed the

formation of two individual oxidation peaks, indicating the occurrence of two distinct
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electrochemical processes (Fig. 4A). The first and second peaks were observed at +1.2 V on the
forward scan (‘peak 1’) and at +1.0 V on the reverse scan (‘peak 2’), respectively. To
understand the possible mechanism of these two oxidation peaks’ formation, the current traces
were analyzed. The current for peak 1 increased more rapidly upon 4HPAA injection compared
to peak 2 (Fig 4B, top) and reached a steady state almost before the second oxidation peak had
begun to form. These traces are consistent with a mechanism in which the primary oxidation

reaction, resulting in peak 1, is followed by a secondary oxidation reaction, resulting in peak 2.
<Please, insert figure 5 here, single column size>

Further analysis of 4HPAA with conventional cyclic voltammetry was conducted for
comparison. For this experiment, a three electrode system was used. The potential at a glassy
carbon electrode, immersed in a solution of 2 mM 4HPAA in aCSF, was scanned from -0.4 V up
to +1.0 V and back to -0.4 V at a scan rate of 10 mV/s (Fig. 5A). In contrast to the measurements
obtained with FSCV, the oxidation peak was detected at +0.65 V on the forward scan. Moreover,
when the electrode was scanned up to the higher switching potential of +1.3 V, the two oxidation

peaks were observed on forward sweep, at +0.65 V and +1.06 V, as expected (Fig. 5B).

Although the electrochemical mechanism underlying the formation of this second peak is
not clear, it is possible that a dimerization occurs. The phenol group of the 4HPAA molecule is
reactive since the proton from the hydroxyl group is acidic. Therefore, as the oxidation potential
is applied to the electrode, the first electron is transferred from the phenol to the electrode,
forming a phenoxy radical that further couples with another 4HPAA molecule to

electrochemically generate a dimer, similar to that occurring with other phenolic
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compounds.*'?*?*3% As the dimer forms, the second electron transfer takes place, which would

be responsible for the second oxidation peak.?

During the collection of multiple CVs, the oxidation current of 4HPAA dropped
substantially after the first scan, necessitating that the electrode must be polished between each
scan (data not shown). With this in mind, it should be mentioned that poly-4HPAA can passivate
the electrode surface, resulting in electrode fouling and slower electron transfer. Nevertheless,
electrode fouling appeared not to substantially impact current from the FSCV experiments. One
explanation for this is that the electrode was scanned at such a high rate that there is not enough

time for electrodeposition to occur.**
3.3 Optimization of FSCV Scanning Parameters

To minimize the effect of the secondary product (peak 2) while enhancing the response of the
main peak (peak 1), oxidation current responses of 4HPAA at different switching potentials,
holding potentials, and scan rates were studied. First, we obtained CVs containing both main and
secondary peaks at selected switching potentials ranging from +1.0 V to +1.4 V at the constant
holding potential of -0.4 V and a scan rate of 400 V/s. Overall, the current response of peak 1
increased as the switching potential was changed from +1.0 V to +1.4 V (Fig 6A). A slight drop
in current was found at +1.4 V. As higher switching potentials are applied, the hydrophobicity of
the carbon-fiber electrode surface changes by increasing the number of oxide groups, which
improves the electron transfer kinetics at the electrode surface and enhances sensitivity.'~* Such
an improvement could also arise from an increase in the microscopic area of the electrode

33,34

surface and enhancement of hydrogen atom transfer, resulting in changing the charge at the

3536
electrode surface.”
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<Please insert figure 6 here, double column size>

The current response due to the secondary reaction also increased with greater switching
potential in the fast-scan CV traces, but not as much as the main peak. In fact, the current
response of peak 1 was more than double that of peak two at +1.3 V. A similar effect has been
well-documented when measuring DA.>"*® Therefore, in order to optimize the ability of FSCV to
measure DA, while also enhancing the 4HPAA signal, we selected +1.3 V as the switching

potential.

Current response was measured at selected holding potentials (between -0.5V and +0.2V)
while maintaining a switching potential at +1.3V at a scan rate of 400 V/s. (Fig. 6B). 4HPAA is
negatively charged at the physiological pH, so we expected to see lower current responses for
both peak 1 and peak 2 due to the repulsive action between the negatively charged electrode and
4HPAA conjugate base. However, a higher current response for peak 1 was observed as more
negative holding potentials were applied except at -0.5 V, due to the unreliable background
current at lower holding potentials."® This enhancement of catecholamine signal at negative
holding potentials had previously been suggested to occur as a result of the increased amount of
adsorption at the electrode surface.'® The adsorption of 4HPAA apparently plays a major role,
thereby explaining the current response increases that occur as the holding potential becomes

more negative.

Increasing scan rate has also been shown to enhance the current response of adsorbed
species (see Fig. 3).” Fig. 6C shows a plot of oxidation current of 4HPAA versus scan rate. As
expected, the current for both peak 1 and peak 2 increased with scan rate. As faster scan rates are

applied, the time spent at the holding potential increases, which also increases the amount of
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time for adsorption as well. Even though the highest current is obtained at the scan rate of 800
V/s, we decided to use 600 V/s as an optimized parameter. This choice represents a compromise.
At high scan rates, faradaic currents can be buried under the background current’’ which is
proportional to the scan rate.”> Moreover, DA, as well as other electroactive neurotransmitters,
undergo hysteresis—the oxidation occurs at a more positive potential, the reduction occurs at a

more negative potential—which may cause increased overlap with the 4HPAA peak.'®*

3.4 Cyclic Voltammetry of 4HPAA and DA

One of our goals is to be able to quantify how much 4HPAA has been photo-released
from p-hydroxphenacyl-based caged compounds.®*' A specific application of this approach is
the photorelease of glutamate, the most abundant excitatory neurotransmitter in the central
nervous system,* in brain tissue and measuring subsequent alterations in the electrically evoked
release of DA. This approach has the advantages of being able to apply glutamate within short
timeframes and confined spatial dimensions. Both of these advantages are critical because
glutamate is excitotoxic,” making the bath application of brain slices impractical. Unfortunately,
determining with high precision the amount of glutamate, or any other caged compound that has
been photoreleased, has historically relied upon experimental determination of the number of
moles of photons per second supplied by the light source and multiplying this parameter by the
quantum yield (moles of compound photoreleased/moles of photons supplied) of the caged
compound of interest.” This method is inherently imprecise due to variations in the output of the
light source as well inconsistencies in tissue density at various recording sites. One goal in the
electrochemical characterization of 4HPAA is to use this electrochemical signature to quantify

glutamate photorelease within brain tissue slices more reliably than the existing method
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described, independent of the number of photons reaching the tissue. Therefore, it is important to

optimize our voltammetric parameters for the simultaneous detection of DA and 4HPAA.

To enhance the peak separation, voltammetric measurements were obtained from a
mixture of 4HPAA (100 uM) and DA (1 uM) at selected switching potentials while the holding
potential was kept at -0.4 V (Fig 7A). As shown, the separation of peak oxidation potential (Ex)
between 4HPAA (100 uM) and DA (1 uM) was greatest at a switching potential of +1.3 V. The
use of higher switching potentials is not well-suited for the detection of dynamic changes of
catecholamine release due to the increased response time.*® Therefore, we decided to use +1.3 V
in the optimized waveform. Holding potential and scan rate did not significantly affect peak
separation, so a potential of -0.4 V and rate of 600 V/s (the optimized scan rate for 4HPAA) was

used.
<Please insert figure 7 here, double column size>

An example of the detection of 4HPAA and DA using this optimized waveform is shown
in Figs. 7B and 7C. The oxidation peaks for both 4HPAA (peak 1) and DA rise rapidly after
injection. Moreover, the peaks are clearly separated on the CV. The optimized waveform was
used to measure the current signal of a mixture of 4HPAA and DA at selected concentrations
(Fig. 7D). The current traces of both peak 1 and 2 have square responses due to the sample
injection compared to that of DA, which shows a slower response under the same conditions. A
similar difference in current response has been shown between DA and ascorbate. This is likely
due to DA being strongly adsorbed and desorbed at the electrode surface.'® For the data analysis
on the calibration curve, the current was taken at the main oxidation peak of 4HPAA. Fig. 7

shows the oxidation current responses of the main peak as a function of 4HPAA concentration
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which was varied from 0.1 uM to 100 uM in the presence of 1 uM DA in solution. The oxidation
current of 4HPAA increases linearly with the concentration with correlation coefficient of
0.9905 up to 20 uM and 0.9701 up to 100 uM. The limit of detection of 4HPAA was found to be

100 nM based on the signal to noise ratio of 3.
Conclusions

The goal of this study was to develop a method to quantitatively and simultaneously measure
sub-second changes in DA and 4HPAA levels. Our intent is to apply this method to examine
neurotransmitter interactions in brain slices as well as in vivo. We found that the optimum
waveform for the detection of 4HPAA was to scan linearly from a holding potential of -0.4 V to
+1.3 V and back to -0.4 V at a scan rate of 600 V/s. This waveform provided good limits of
detection and sensitivity for the measurement of 4HPAA. Moreover, this optimized waveform
was effective for the simultaneous detection of 4HPAA and DA. Along with quantifying 4HPAA
in biological preparations, the results from this work will allow the electrochemical measurement
of photoactivation reactions that generate 4HPAA as a by-product as well as provide a
framework for measuring the photorelease of electroactive by-products from caged compounds

that incorporate other chromophores.
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Fig. 1 Background subtracted cyclic voltammetry of 4HPAA. (A) Unfolded cyclic voltammogram of 100 uM of
23 4HPAA in aCSF, physiological pH 7.4, obtained using the waveform -0.4 V to +1.0 V to -0.4 V at 400 V/s
24 every 100 ms. The oxidation peak of 4HPAA was detected around + 0.9 V on the reverse scan . (B) The
25 color plot (bottom) and oxidation current response (top), taken at the oxidation peak of 4HPAA, were
26 acquired as the carbon-fiber electrode was exposed to 4HPAA bolus for 5s during the flow injection analysis.
27 122x54mm (300 x 300 DPI)
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Fig. 2. Changes in oxidation signal of 4HPAA and M4HPA in response to pH. (A) Unfolded fast-scan CVs of
4HPAA and M4HPA at pH values of 2.71 (left), 6.71 (center), and 10.71(right). Oxidation peaks of both
species were detected on the reverse scan. (B) The effect of pH on oxidation current of 4HPAA and M4HPA.
Both species showed similar overall current trends in response to changes in pH. There was a significant pH-
driven effect on oxidation current (p= 0.0007, n=4, two-way ANOVA, F(2,90) = 56.94)
189x128mm (300 x 300 DPI)
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18 Fig. 3 The effect of scan rate on currents generated from the oxidation of 4HPAA. (A) Plot of current versus
scan rate. The R? value applies to measurements obtained from 100 to 500 V/s. (B) Plot of current versus
the square root of the scan rate. CVs were obtained using the waveform -0.4 V to +1.0 V to -0.4 V at
20 selected scan rates. The currents were obtained from the oxidation peaks. (C) Plot of oxidation potential

21 (Eox) versus scan rate.
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Fig. 4 Fast-scan cyclic voltammetry of 4HPAA. (A) Unfolded cyclic voltammogram of 100 uM 4HPAA in aCSF
(pH 7.4) obtained using the waveform -0.4 V to + 1.3 V to -0.4 V at 400 V/s repeated every 100 ms. Two
oxidation peaks were observed, one around + 1.2 V on the forward scan and the other one around +1.0 V
on the reverse scan. (B) Color plot (bottom) and current traces taken at the first oxidation peak, observed
on the forward scan.
103x41mm (300 x 300 DPI)
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Fig.5 Conventional cyclic voltammetry of 4HPAA. (A) CV obtained using the waveform -0.4 V to +1.0 V to -
0.4 V showing a single faradaic peak. (B) CV obtained using the waveform -0.4 Vto +1.3V to -0.4V
showing the appearance of an additional peak at +1.06 V. The dashed line denotes the location of the +1.0
V potential. The concentration of 4HPAA was 2 mM and the scan rate was 10 mV/s.
102x37mm (300 x 300 DPI)
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Fig. 6 Optimization of FSCV scanning parameters. (A) Effect of switching potential on oxidation current for
the primary peak (circles) and secondary peak (squares) was studied. Switching potential was varied
between +1.0 V and +1.4 V while holding potential was held constant at - 0.4 V using a scan rate of 400
V/s. (B) The holding potential was varied from - 0.5 V to + 0.2 V while the switching potential was held at +
1.0 V with a scan rate of 400 V/s. Current responses of peak 1 (circle) and peak 2 (square) at each holding
potential were plotted. (C) Dependence of oxidation current of peaks 1 and 2 on scan rate (C) and square
root of scan rate (D). The waveform -0.4 V to +1.3 V to -0.4 V was used (for all figures p<0.001, n=4, peak
one compared to peak two, two-way ANOVA).
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Fig. 7 Cyclic voltammetry of 4HPAA and DA at optimized waveform. (A) Study of oxidation peak potential of
100 pM 4HPAA and 1puM DA. (n=4, p< 0.0001, two-way ANOVA). (B). Concentration study of 4HPAA in the
presence of DA. Current responses of the primary oxidation peak was plotted against 4HPAA concentration.
(n=3, P=0.0091, t-test) (C) Unfolded CV of 4HPAA and DA. Three oxidation peaks were observed, oxidation
peak of DA and 4HPAA (peak 1) were shown on forward sweep and 4HPAA (peak2) on reverse sweep. (D)
Color plot (bottom) and current traces of 4HPAA and DA was obtained from the flow injection analysis.
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