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ABSTRACT: Oxytocin is a nonapeptide hormone involved in numerous physiological functions. Real-time electrochemical
measurements of oxytocin in living tissue are challenging due to electrode fouling and the large potentials needed to oxidize the
tyrosine residue. Here, we used fast-scan cyclic voltammetry at carbon-fiber microelectrodes and flow injection analysis to optimize a
waveform for the measurement of oxytocin. This optimized waveform employed an accumulation potential of —0.6 V, multiple scan
rates, and a 3 ms holding potential at a positive, oxidizing potential of +1.4 V before linearly scanning the potential back to —0.6 V
(versus Ag/AgCl). We obtained a limit of quantitation of 0.34 + 0.02 M, and our electrodes did not foul upon multiple injections.
Moreover, to demonstrate the utility of our method, we measured the release of oxytocin, evoked by light application and
mechanical perturbation, in whole brains from genetically engineered adult zebrafish that express channelrhodopsin-2 selectively on
oxytocinergic neurons. Collectively, this work expands the toolkit for the measurement of peptides in living tissue preparations.

xytocin is a nonapeptide hormone that acts as an

endocrine chemical messenger, playing roles in numer-
ous functions, including parturition, lactation,” pair—bonding,3
maternal care,” sexual behavior,” social attachment,6 and the
relief of fear and anxiety.” In the mammalian brain, oxytocin is
synthesized mainly in the hypothalamic periventricular nucleus
(PVN) and the magnocellular hypothalamic supraoptic
nucleus (SON).**7'° Oxytocin influences the release of
multiple neurotransmitters, including dopamine,11 serotonin, >
and GABA"’ through its interactions with receptors in several
brain regions, including the thalamus, hypothalamus, brain-
stem, basal ganglia, limbic system, and select cortical areas.”'*
Thus, given its specific functions in regulating neurotransmitter
systems, understanding the dynamics of oxytocin release on
relevant timescales and with sufficient sensitivity in living brain
tissue is a critical need.

Current methods of measuring oxytocin in living brain
described in the primary literature are limited mostly to
sampling approaches, including microdialysis'> and push—pull
perfusion,'® used in conjunction with select detection schemes,
such as radioimmunoassay (RIA),'® derivatization and
fluorescence detection,'” and mass spectrometry.'®'? While
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these sampling methods have the advantage of analyzing a
wide variety of molecule types, the temporal resolution is
limited by the amount of material collected, and usually is on
the order of minutes.”” Another detection method employed
molecularly imprinted polymers (MIPs) with quartz crystal
microbalance (QCM);”' however, the utility of this method
for the measurement of oxytocin in microdialysate samples has
not yet been demonstrated.

Electrochemical methods represent a potentially fruitful
avenue for measuring oxytocin with a subsecond timescale
resolution. However, the electrochemical measurement of
oxytocin can be challenging. Although the tyrosine residue in
oxytocin is electroactive, it has been previously reported that
the oxidation of tyrosine-containing neuropeptides tends to
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foul the electrode surface due to adsorption of oxidized or

erized protein molecules, causing low reproducibil-
** Additionally, there is a need for a higher oxidation
potential in comparison with traditionally detected molecules
(e.g, catecholamines), which leads to additional problems with
interferents.”* To overcome these limitations, Schmidt et al.>®
designed a modified sawhorse waveform (MSW), consisting of
two distinct scan rates in each anodic and cathodic sweep, and
a short holding period at the switching potential. This
approach, termed multiple scan rate voltammetry (MSRV),
not only mitigates electrode fouling but also improves chemical
resolution in the detection of tyrosine-containing peptides.””*

Despite growing interest, many functional aspects of
oxytocin in the brain have not yet been fully described due
largely to the lack of analytical tools that allow its quantitative
measurement in intact tissue on fast (subsecond) timescales.
Here, we adapted MSRV to measure oxytocin through the
oxidation of the tyrosine residue. Our results show that we can
quantitatively measure oxytocin in a flow cell with good limits
of detection and subsecond temporal resolution. Furthermore,
we demonstrated the feasibility of our method by measuring
the light-evoked release of oxytocin in live, intact whole brains
acutely harvested from zebrafish engineered to express
channelrhodopsin on oxytocin-containing neurons. In this
model, exposure of oxytocinergic neurons to light of the proper
wavelength can induce the release of oxytocin. Additionally, we
demonstrated that the release of oxytocin may be induced by
mechanical stimulation of the brain tissue.

pol
ity.*

B EXPERIMENTAL SECTION

Chemicals. All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received. A stock solution
of 20 uM oxytocin (CAS no. 50-56-6, >97.0%) was prepared
by dissolving the appropriate amount of analyte in artificial
cerebrospinal fluid (aCSF; 126 mM NaCl, 2.5 mM KC,
1.2 mM NaH,PO,, 2.4 mM CaCl,, 1.2 mM MgCl,, 25 mM
NaHCOj;, and 20 mM HEPES, adjusted to pH 7.4 with 10 M
NaOH). The solutions used for generating the calibration
curves were prepared by serial dilution on the stock solution.
The stock solution was stored at 5 °C in the dark and used
within 48 h of preparation. All solutions were made using
ultrapure water (~18 MQ cm).

Microelectrode Fabrication. Carbon-fiber working elec-
trodes were constructed following the previously published
procedure.26 Briefly, a 7 ym diameter carbon fiber (Good-
fellow Cambridge Ltd., Huntingdon, U.K.) was aspirated into a
glass capillary tube (1.2 mm outer diameter, 0.68 mm inner
diameter, A-M system, Inc., Carlsborg, WA) and fixed in the
position by sealing the glass capillary around the fiber using a
heated coil puller (PE-22, Narishige Int., East Meadow, NY).
Next, the exposed carbon fiber was trimmed to approximately
40 pum from the end of pulled glass capillary, and an epoxy seal
was created (EPON resin 815C, EPIKURE 3234 curing agent,
Miller-Stephenson, Danbury, CT). The microelectrode was
further cured at 100 °C for 1 h and cleaned by soaking in
ultrapure isopropanol for 30 min. To ensure electrical
connection between the carbon fiber and electrode holder,
all electrodes were backfilled by ionic solution (0.5 M
potassium acetate) and a silver wire was inserted.

Electrochemical Data Acquisition In Vitro. All in vitro
experiments were carried out in a homemade flow injection
cell, housed within a custom-built faraday cage. A Chem
Clamp potentiostat (Dagan, Minneapolis, MN) modified to
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enhance the range of available gain settings was used. TarHeel
CV software (M.L.A.V. Heien and R.M. Wightman, University
of North Carolina, Chapel Hill, NC) with data acquisition PCI
6711 multifunction I/O board (National Instruments, Austin,
TX) was used to collect and analyze all data. The modified
sawhorse waveform (MSW)**** was originally used and
further optimized. Specifically, the waveform started at a
holding potential of —0.2 V and scanned to +0.6 at 100 V/s.
Then, the potential was ramped to +1.2 V at 400 V/s and held
for 3 ms. Finally, the potential was scanned back to —0.2 V at a
scan rate of 100 V/s, at a frequency of 10 Hz.

Animals. Zebrafish embryos Danio rerio, transgenic line
Tg(oxt:Gal4-VP16; uas:chr2-eyfp) were raised until adulthood
(~90 days). The fish were housed in the Shankel Structural
Biology Center, University of Kansas, in 3 L tanks (20 fish per
3 L system rack tank) and connected to a recirculation
filtration system. All tanks were maintained under constant
chemical, biological, and mechanical filtration, as well as a UV
sterilizing unit to ensure adequate conditions. The following
quality parameters of the reverse osmosis purified system water
were controlled and adjusted using Multiparameter Monitoring
and Control Instrument $S200A (YSI, Yellow Springs, OH):
conductivity (~700 uS/cm), pH (7.2), and temperature
(28 °C). The fish were fed twice a day and maintained on a
14:10 h light/dark cycle. All protocols and procedures
involving zebrafish were approved by the Animal Care and
Use Committee of the University of Kansas.

Electrochemical Detection of Oxytocin in Zebrafish
Whole Brain. All zebrafish were euthanized by hypothermic
shock followed by decapitation. Immediately following
euthanasia, whole brains were harvested using previously
described methods™ and transferred to a superfusion chamber.
The viability of the brain was ensured by a continuous flow of
oxygenated and heated (28 °C) aCSF. Prior to any experiment,
the brain was equilibrated in the chamber for 40 min. The
carbon-fiber microelectrode was positioned into the preoptic
area of the hypothalamus where epifluorescence imaging
showed dense oxytocinergic innervation. Oxytocin in zebrafish
is also known as isotocin and differs slightly in amino acid
composition compared to mammalian oxytocin.27

For the optogenetics activation of cells, ADD created the
UAS line using the HI134R variant of ChR2, which was
originally described.”® The peak excitation is ~460 nm, which
may vary slightly depending on where it is expressed and pH.
ChR2 is expressed only in oxytocinergic neurons, which has
previously been verified.”” Ambient light generally contains
insufficient blue light to activate cells expressing this ChR2
variant. However, experiments were performed in the dark as a
precaution. For stimulated release measurements, light from a
xenon source (~480 nm) was applied for 200 ms and the
oxidation current was used against a calibration to determine
concentration.

Microscopy. Epifluorescence images were obtained with a
Nikon E600FN Epifluorescence microscope using a Fluor
40X/0.80 NA water immersion objective. Images were
collected and analyzed with Metamorph software (Molecular
Devices, San Jose, CA).

Statistics and Graphics. All data are presented as mean +
standard error of the mean (SEM) unless mentioned
otherwise. Statistical differences were determined using one-
way ANOVA with a Bonferonni post hoc test. Significance was
designated at p < 0.0S. All statistical analysis and graphical
depictions were carried out using OriginPro Software, version
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2021 (OriginLab Corp., Northampton, MA) and Microsoft
Excel.

B RESULTS AND DISCUSSION

The electrochemistry of oxytocin has been previously studied
using carbon macroelectrodes.”® The oxidation of oxytocin
occurs at the tyrosine moiety, the only electroactive amino acid
presented in the oxytocin structure. The proposed mechanism
involves one-electron oxidation and loss of a proton at the
hydroxyl group of the phenol group (Figure 1).*" The resulting

OH 0

o N 0
o o)
>—N N—R >—N N—R
\ / \ /

Figure 1. Proposed oxidation mechanism of oxytocin oxidation at the
tyrosyl moiety. R and R’ represent the remaining parts of oxytocin.

radical is highly reactive and susceptible to further nucleophilic
attack, leading to polymerization and formation of a complex
mixture of substances. Such polymerization results in
subsequent adsorption of the reaction products on the
electrode surface, leading to electrode fouling and a significant
reduction of the electrode sensitivity.”** Traditionally, the
FSCV waveform for the detection of electrochemically active
analytes has employed a simple triangular shape (ranging from
a holding potential of —0.4 V to a switching potential of 1.3 V
and back at a scan rate of 400 V/s and frequency of 10 Hz,
Figure 2A). However, using this waveform for the detection of
peptides results in passivation of the electrode surface and loss
of faradaic signal, as illustrated by the color plot (Figure 2A)
and cyclic voltammograms at selected time points (Figure 2B).

To address this issue, Schmidt et al. introduced a modified
sawhorse waveform that incorporated multiple scan rate steps
that mitigate fouling upon oxidation of met-enkephalin, a
pentapeptide that also possesses a tyrosine residue. This
waveform incorporated a linear scan from —0.2 to +0.6 V at a
rate of 100 V/s and then to +1.2 V at 400 V/s. After a 3 ms
holding time, the potential was linearly decreased to —0.2 V at
100 V/s.** Oxidation of the hydroxyl group was observed
during the scan from +0.6 to +1.2 V. The higher scan rate
increases the faradaic current measured, while holding the
electrode at a potential above +1.1 V decreases the adsorption
of tyrosine, thereby decreasing fouling.™

Oxytocin Waveform Optimization. Key waveform
parameters were optimized to maximize the faradaic current
resulting from the oxidation of oxytocin. The investigated
parameters include waveform application frequency, upper
limit of the potential window, switching potential, and scan
rate. Because oxytocin possesses tyrosine, the previously
published modified sawhorse waveform'* was used as an
initial starting point and further modified.

Waveform Frequency. Oxytocin possesses a positive
charge at a physiological pH; thus, the negative holding
potential between scans serves as a preconcentration step in
which the positively charged peptide accumulates at the
negatively charged electrode surface. Because changes in the
waveform frequency alter the duration of this preconcentration
step, we collected measurements at selected frequencies, with
the remaining parameters held constant at the values used by
Calhoun et al.”

Figure 3AB shows CVs resulting from this change in
frequencies and the peak oxidation currents, respectively.
Oxidation current decreased with increasing frequency and
accumulation time (indicated in red at the top of Figure 3B),
suggesting that oxytocin is preconcentrating at the electrode
surface between scans. The negative shift in current that occurs
while holding potential constant may be caused by a
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Figure 2. Oxytocin fouls the carbon-fiber microelectrode surface when the traditional FSCV waveform is used (holding potential —0.4 V, switching
potential +1.3 V, scan rate 400 V/s, frequency 10 Hz). (A) Color plot representing the change in current as a function of time and applied
potential. Oxytocin is injected at approximately 5.5 s, and the injection port is closed approximately at 13 s. (B) Voltammetric response for oxytocin
is unstable over time. Representative CVs are shown for t = 5.6, 8.8, and 12.5 s. The oxidation peaks are labeled on the CVs.
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Figure 3. Waveform frequency affects sensitivity to oxytocin. (A) Representative voltammograms for 3 M oxytocin. (B) Peak oxidation current

decreases with increasing frequency (decreasing accumulation time, respectively). One-way ANOVA revealed a significant effect of frequency on
current (p < 0.05, n = 3 electrodes).
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Figure 4. Oxytocin voltammetric response is dependent on the switching potential. (A) Schematic representation of the waveforms used for the
investigation of the switching potential (from +1.1 to +1.4 V) on the oxytocin current response. (B) Representative voltammograms for 3 yM
oxytocin. A high switching potential (+1.4 V) is required for a well-defined oxidation peak. (C) Peak anodic potential increases as the switching
potential increases (n = 3 electrodes).
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Figure 5. Oxytocin voltammetric response is dependent on the accumulation potential. (A) Schematic representation of the waveforms used for the
investigation of the accumulation potential (from 0.0 to —0.6 V) on the oxytocin current response. (B) Representative voltammograms for 3 uM
oxytocin. (C) Peak oxidation potential increases as the holding potential decreases (n =3 electrodes). One-way ANOVA revealed a significant
effect of accumulation potential on current (p < 0.05).

combination of factors, including etching of the electrode Switching Potential. The effect of switching potential on
surface and changes in the electric double layer from oxytocin current response was studied by obtaining CVs with
adsorption of oxytocin. More work is needed to elucidate selected switching potentials ranging from +1.1 to +1.4 V
particular contributions. The lowest frequency of 3 Hz resulted (Figure 4A). The representative CVs in Figure 4B reveal that
in the highest current as the maximum time was available for the higher switching potentials of +1.3 and +1.4 V yielded well-
the adsorption at the holding potential However, as a defined oxidation peaks, while +1.1 and +1.2 V did not. In
compromise between temporal resolution and sensitivity, addition, the anodic peak current increased significantly with
S Hz was chosen as the optimal waveform frequency. increasing switching potential, demonstrating higher sensitivity
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to oxytocin (p < 0.05; n = 3 electrodes). Therefore, the
potential of +1.4 V was chosen as an optimal switching
potential and further used for any consequent waveform
optimization steps.

Accumulation Potential. The adsorption of oxytocin
molecules, which are positively charged at a physiological pH,
to the electrode surface occurs due to the negative holding
potential. It is, therefore, a key waveform parameter due to its
significant role in the preconcentration process. The amount of
adsorbed analyte and, consequently, the measured current,
should be affected by changes in the holding potential. To
optimize this parameter, we obtained CVs using selected
holding potentials ranging from 0.0 to —0.6 V (Figure SA).
More negative holding potentials resulted in significant
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increases of peak current. The maximum oxidation signal was
observed at —0.6 V; therefore, we chose this value for
subsequent measurements.

Scan Rate. The kinetics of the electron transfer reaction
were further investigated. According to the Randles—Sevcik
equation, the faradaic current response increases linearly with
the increasing square root of scan rate for diffusion-controlled
reactions.”® To study the nature of the oxytocin’s interaction
on the surface of the electrode, the scan rate was systematically
varied from 200 to 900 V/s (Figure 6A,B), and the current
response obtained from the resulting CVs was plotted as a
function of the square root of scan rate (Figure 6C,D).
The linearity of this plot (R* = 0.9934) suggests that the
current measured is faradaic and diffusion-limited.
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Figure 9. Stimulated and spontaneous oxytocin release in adult zebrafish brains. (A) Epifluorescence image of whole brain from adult OXT-Gal4;
UAS-ChREYFP zebrafish (left) and bright-field image of zebrafish brain with approximate field of view in the left panel represented by the rectangle
(right). The white arrows indicate relative orientation. Imaging (left): Nikon E600FN epifluorescence microscope Plan Fluor 40X/0.80 NA water
immersion objective. (B, C) Current—time plots of light-induced oxytocin release and putative mechanically induced oxytocin release. Inset: CVs
suggesting that the identity of measured species is oxytocin. The stimulated release is short term and is superimposed over longer-term oxytocin
transient concentration changes. (C, E) Respective color plots of light- and mechanically evoked oxytocin release.

To determine the optimum scan rate value, both the current current at the rate of 900 V/s. However, at the fastest
response and peak oxidation potential must be taken into investigated scan rate (900 V/s), the oxidation peak occurred
consideration. As mentioned, the response current is increasing near the switching potential, suggesting that oxidation cannot
with increasing scan rate, providing the highest oxidation be fully completed before scanning toward the negative
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potential. As the scan rate decreases, the position of the
oxytocin oxidation peak shifted to the less positive potential
values, with a more defined peak shape. As a trade-off to
providing a well-defined peak while also maximizing the
oxidation current, we chose a scan rate of 600 V/s.

Electrode Stability. To measure oxytocin release con-
sistently, it is necessary for the electrode to provide the same
response over multiple measurements and extended periods of
time. Electrode stability and resistance to fouling were
investigated by applying repeated injections of 3 M oxytocin
every 40 s by flow injection analysis, with a total of 10
injections (Figure 7A). To visualize any significant changes in
current, the evaluated faradaic current was normalized to the
first injection (Figure 7B). The current vs time record for 10
consecutive injections, as well as CVs of the first and last
injections of oxytocin showed no significant degradation in
peak current and/or change in the shape of the CV (Figure 7B,
inset). The relative standard deviation (RSD) for 10 injections
was 3.19%, indicating that the electrodes have good stability
when applying this waveform. Furthermore, no trend showing
the progressive decrease of the signal over time was observed,
and the newly developed waveform for the detection of
oxytocin did not foul the CFE surface when exposed to
repeated oxytocin injections.

Oxytocin Limit of Quantitation. We generated a
calibration curve for oxytocin using the optimized waveform
by plotting the current response (collected at +1.15 V) and the
analyte concentration ranging from 0.4 to 10 uM (Figure 8).
We found that the limit of quantitation, obtained at S/N = 10,
was 0.34 + 0.02 pM. Furthermore, regression analysis
indicated a high degree of linearity (R* = 0.9994), indicating
that the application of this optimized waveform can be used to
quantitate the release of oxytocin at low concentrations.

Oxytocin Release in Ex Vivo Zebrafish Brain. To
demonstrate the utility of our approach, we measured the light-
evoked release of oxytocin in ex vivo whole brains harvested
from transgenic zebrafish expressing fluorescently tagged
channelrhodopsin-2 within oxytocinergic neurons (Tg-
[oxt:Gal4-VP16; uas:chr2-eyfp]).

Figure 9A (left) shows an epifluorescence image of a carbon-
fiber microelectrode placed in the vicinity of oxytocinergic
neurons, located in the preoptic nucleus of the hypothalamus.
The overall orientation of the electrode placement is indicated
in Figure 9A (right). After placing the electrode, we exposed
the brain to a 200 ms pulse of ~480 nm light from a xenon
lamp source. The current—time trace in Figure 9B shows a
temporary increase in current. The current then dropped
sharply. The CV (Figure 9B, top) was sampled at 30 s, and an
averaged set of five background scans obtained at 15 s was
subtracted from the entire set of CVs. The CV in Figure 9B
closely resembles those obtained by flow injection analysis
(e.g, Figure 8), suggesting that the current increase arises from
oxytocin release. The average concentration of light-stimulated
oxytocin release was estimated to be 0.40 + 0.04 nM (n = 3
separate measurement locations in two brains).

Interestingly, in this plot, our stimulated release appears to
be superimposed upon transient oxytocin release events, with
the current decreasing below the initial baseline value, reaching
a minimum at about 80 s, and then increasing. Further
supporting the idea that these currents arise from the presence
of oxytocin, the color plot current signal occurring after about
40 s resembles an inverse of the currents obtained at 30 s. We
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have carried out multiple measurements in two other brains
and have noted similar patterns of transient oxytocin release.

To our knowledge, the electrochemical measurement of
oxytocin release directly from the brains of any organism has
not been published in the peer-reviewed literature. Oxytocin
has been measured in vivo from the paraventricular nucleus of
anesthetized rats by microdialysis sampling with detection by
liquid chromatography—mass spectrometry.'® Using this
method, it was determined that the basal concentration of
oxytocin in the microdialysates was 5.4 + 1.3 pM and that this
value increased 530% upon stimulation by injection of aCSF
that contains 75 mM K. Possible factors that contribute to the
greater concentration determined by our methods (several
orders of magnitude) include measurement of oxytocin levels
directly at the site of the neurons on faster timescales, low
oxytocin recoveries in the microdialysates, differences in
stimulation regimens, and differences in species.

Next, we attempted stimulation by mechanically moving the
microelectrode laterally ~5 ym over ~0.5 s (Figure 9D,E).
This method of stimulation had been agplied previously to
evoke adenosine release in brain tissue.”> We noted a sharp
increase in current, suggesting that oxytocin release occurred.
We also collected files in the absence of stimulation and found
what appeared to be transient changes in oxytocin release that
occurred over the course of seconds, like those superimposed
on stimulated release currents in the dataset shown in Figure
9B,C. While it is possible that other electroactive components
are released due to mechanical stimulation, it is important to
note that a subpopulation of oxzrtonergic neurons in the
hypothalamus is mechanosensitive.”® Thus, we speculate that
oxytocin is likely present along with other tyrosine-containing
peptides.

Stimulated and transient release from terminals that project
to various brain regions as well as release from oxytocinergic
cell bodies and dendrites (somatodendritic release) is known
to occur in multiple species.”” ~>* The current we measured in
zebrafish, given the location in the brain, arises possibly from
somatodendritic release or from short-range axonal projec-
tions. It will be important to determine if the transients arise
from our handling of the tissue (eg, application of light for
imaging) or if they occur naturally.

B CONCLUSIONS

In this research, we developed a waveform optimized for the
measurement of oxytocin, a nonapeptide that is an important
player in numerous biological functions. However, it is difficult
to measure because it tends to foul the carbon-fiber electrode
surface. We also demonstrated the measurement of oxytocin in
genetically altered zebrafish that express channelrhodopsin and
yellow fluorescent protein selectively in oxytocinergic neurons.
Our findings demonstrate that we can measure stimulated
release as well as spontaneously occurring oxytocin transients.
In the future, it will be important to further validate our
method in more complex species, including rodents.
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