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ABSTRACT: Dysregulation of the neurotransmitter dopamine (DA) is ‘;“,;%25527;27:3?;’&31?5&;:8552?

implicated in several neuropsychiatric conditions. Multiple-cyclic square-wave
voltammetry (MCSWYV) is a state-of-the-art technique for measuring tonic DA
levels with high sensitivity (<S nM), selectivity, and spatiotemporal resolution.
Currently, however, analysis of MCSWV data requires manual, qualitative
adjustments of analysis parameters, which can inadvertently introduce bias.
Here, we demonstrate the development of a computational technique using a
statistical model for standardized, unbiased analysis of experimental MCSWV /tff:sfhjj;
data for unbiased quantification of tonic DA. The oxidation current in the pgx06
MCSWYV signal was predicted to follow a lognormal distribution. The DA- A

related oxidation signal was inferred to be present in the top 5% of this 1
analytical distribution and was used to predict a tonic DA level The ™2
performance of this technique was compared against the previously used peak-
based method on paired in vivo and post-calibration in vitro datasets. Analytical inference of DA signals derived from the predicted
statistical model enabled high-fidelity conversion of the in vivo current signal to a concentration value via in vitro post-calibration. As
a result, this technique demonstrated reliable and improved estimation of tonic DA levels in vivo compared to the conventional
manual post-processing technique using the peak current signals. These results show that probabilistic inference-based voltammetry
signal processing techniques can standardize the determination of tonic DA concentrations, enabling progress toward the
development of MCSWYV as a robust research and clinical tool.
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B INTRODUCTION In vivo DA levels have been measured using microdialysis and
voltammetry. In contrast to microdialysis in which analytes are
extracted from extracellular fluid for offline analysis, voltam-
metric techniques allow the analyte to be measured in situ. Also,
the size of voltammetry microsensors and rapid subsecond
sampling greatly minimize tissue damage and allow for high
spatial and temporal resolution. The ability to reliably measure
DA using voltammetry and other electrochemical techniques

Quantification of neurotransmitters in the central nervous
system has been of great interest for understanding normal
neurobiology and neuropsychiatric disorders." Neurotransmit-
ters are endogenous substances that act on extracellular
postsynaptic receptors to generate functional changes in target
cells. Therefore, it is crucial to understand changes in

extracellular concentrations of these neurotransmitters to has provided the groundwork for the translation of this
unravel the pathologic mechanisms of neurological disorders technique to clinical applications.é’lz_M Despite these advan-
and to form an analytical biomarker-based treatment strategy. tages, electrochemical techniques have previously been limited
Dopamine (DA) is one such neurotransmitter that plays a to the measurement of only phasic changes in analyte
critical role in the modulation of several functions, including concentration. An electrochemical technique capable of
motor control, motivation, cognition, reward-seeking behavior, measuring tonic concentrations has long been sought, and
and prolactin release.” ® Transient phasic DA release occurs in recent progress has been made toward realizing this goal.” ™"
response to behaviorally relevant stimuli against a background

of relatively slow-changing tonic DA levels.” There is an Received: October 26, 2020

interplay between tonic DA levels and the intensity of phasic Accepted: February 19, 2021

responses. Dysregulation of both phasic and tonic DA release Published: March 3, 2021

has been associated with several neuropsychiatric conditions,

such as Parkinson’s disease (PD), addiction, mania, obsessive-
. . . . 8—11

compulsive disorder, and schizophrenia.
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Figure 1. Multiple-cyclic square-wave voltammetry. (A) Schematic design of square waveform. (B) Multiple-cyclic square-wave tonic concentration
measurements utilizing the properties of dopamine adsorption at the carbon-fiber microelectrode. (C) Left: peak current of dopamine at 1 uM at
each cyclic square wave (CSW); middle: pseudo-color plot of the difference between CSW #2 and #S for 1 uM of dopamine; right: MCSWYV signal
(i.e., integration of oxidation currents) correlates with tonic dopamine concentrations (50—1000 nM; n = 4 electrodes; quadratic fitting: R*=0.99).

1.15

Reproduced from Oh et al.” with permission from Elsevier.

While technical developments have enabled estimation of
tonic DA concentrations in the brain, signal interpretation
techniques correlating the measured electrochemical signal to
actual levels have yet to be standardized. In most electro-
chemical analyses, including both phasic and tonic DA
concentration estimations, the target analyte is measured in
vivo and then calibrated using in vitro standards by comparing
peak oxidation currents.">'”"® Electrochemical techniques can
utilize either peak current and/or integration of oxidation
currents for estimation of concentration.”’ In the peak current
method, the spread of oxidation current is not fully considered;
therefore, information dimensionality inherent in the observed
oxidation response is lost. When using the integration method,
significantly more information is considered for concentration
estimation, leading to higher sensitivity.22 However, the
integration potential range must be manually set by the user,
introducing potential bias in the resulting data.'”**

An objective and standardized analysis method is therefore
critical to increase the reliability of tonic DA estimation. We
recently developed a tonic DA measurement technique called
multiple-cyclic square-wave voltammetry (MCSWV)."
MCSWYV utilizes an integration method to process and evaluate
the measured oxidation current. However, defining the limits of
integration of the oxidation signals for final DA estimations
remains subjective. Herein, we detail the development of a
probabilistic post-processing method that uses analytical
inference of DA signals based on a statistical model predicting
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the level of DA measured by MCSWYV. Our goal is to improve
precision for reliable quantification of tonic DA levels in vivo
without bias by removing manually fixed analysis parameters.

B METHODS

MCSWV and In Vivo Experiments. Six Sprague—Dawley
rats weighing 250—350 g were used for in vivo tonic DA
recordings and evaluation of the signal processing method
proposed herein. NIH guidelines were followed for all animal
care, and the Mayo Clinic Institutional Animal Care and Use
Committee approved the experimental procedures. Briefly, the
rats were anesthetized with urethane (1.5 g/kg i.p.), placed into
a stereotaxic frame (David Kopf), and then implanted with a
stimulation electrode (Plastic One, MS303/2, Roanoke, VA)
and carbon-fiber microelectrode' in the medial forebrain
bundle (MFB; AP: —4.6, ML: +1.3, DV: —8) and dorsomedial
striatum (AP: +1.2, ML: +2.0, DV: —4.5), respectively.”” An in-
house-built electrometer (WINCS Harmoni) was used to
determine the optimal placement of the carbon-fiber electrode
via MFB electrical stimulation during the application of
conventional fast-scan cyclic voltammetry.”* Upon successful
placement of both electrodes, recordings were switched to the
MCSWYV (Figure 1) system using in-house software written in
LabVIEW 2016 (National Instruments, Austin, TX) and a
commercial electronic interface (NI USB-6363, National
Instruments, Austin, TX) with a base-station pC.'>*
MCSWYV recordings were then performed to measure tonic
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DA concentrations in the rat striatum at baseline and following
pharmacological manipulation. MATLAB (MathWorks, Inc.,
Natick, MA) was used to process the data. All averaged values
are presented as mean + SEM. Additional details on in vivo
experiments and carbon-fiber microelectrode fabrication are
available in the Supporting Information.

Peak-Based Method. In the peak-based method, the peak
oxidation current of MCSWYV was used to estimate in vivo DA
concentrations via post-calibration (in vitro) (Figure 2). A two-
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Figure 2. Processing DA kernel and prediction of DA levels by peak-
based method. (A) Example of three-dimensional illustration of
MCSWYV oxidation currents with 200 nM of DA in vitro (i.e., post-
calibration). (B) DA kernel for the representative in vitro post-
calibration recording shown in (A) (yellow) and an in vivo recording
(purple). (C) Example of DA concentration predictions using the
peak-based method for the post-calibration (left, orange) and the in
vivo recording (green, right). Arrows represent DA injection for post-
calibration and nomifensine administration in vivo; the dashed line
indicates injected DA concentration in post-calibration. (D)
Distributions of the predicted DA concentrations during the first 40
min and the last 15 min for the in vivo and in vitro post-calibration
recordings in (C), respectively. Inset: enlarged x-axis scale matching to
Figure 4D.

dimensional voltammogram15 resulting from DA oxidation was
estimated to analyze the oxidation current derived from
MCSWV in vivo recordings,. Then, a binary matrix (DA kernel;
Figure 2B) was created as defined and detailed in our previous
study.”® As in previous studies,””*” the peak oxidation current
value established the cutoft level used to generate a DA kernel
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and the subjective standard was set to 60% of the peak current
value. Oxidation currents exceeding the cutoff level were
assigned a logical 1 and currents lower than the cutoff level were
assigned a logical 0 in the DA kernel, respectively. Then, DA
oxidation current values (oxidation currents within the area of
logical 1) were integrated to calculate the total faradic current
derived from DA oxidation. This enabled us to estimate the
tonic level of DA in vivo based on the post-calibration in vitro
recordings. Additional details are available in the Supporting
Information.

Probabilistic Inference Method. This approach is
analogous to the peak-based method in terms of implementing
a cutoff level to produce a DA kernel. However, the cutoff level
was instead determined and set by an automated and statistical
method. The intensity distribution of the oxidation current for
each MCSWYV scan collected for the peak-based method was
plotted to automatically determine the cutoff level of the
MCSWYV oxidation current in a nonsubjective manner (Figures
3 and 4A). A probability density function for a continuous
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Figure 3. Distributions of MCSWYV oxidation currents for the
recordings shown in Figure 2D. Analytical lognormal distribution is
shown in the respective curves. The vertical dashed line indicates the
top Sth percentile of the respective analytical distribution—the cutoff
level to separate the DA signal (i.e., higher than the cutoff) and non-
DA signal (ie., lower than the cutoff) in the post-calibration in vitro
(orange) and in vivo (green), respectively.

random variable was predicted, which best describes the
analytical distribution of oxidation currents. It was found that
the lognormal probability distribution was the best fit for our
experimental MCSWYV data. The goodness of fit was conducted
by a graphical method, quantile—quantile plot, and comparing
the fitting results using lognormal versus y distribution (details
available in the Supporting Information). The threshold level of
oxidation current, which would best quantify DA, was inferred
from this analytical distribution. The significance level was set at
the top Sth percentile from the analytical distribution as the less
arbitrary standard to determine the cutoff level for generating
the DA kernel (Figures 3 and 4B). This is motivated by the
statistical model from the analytically estimated distribution of
the observed MCSWV oxidation current and analogous to a
one-sided statistical hypothesis with a 5% significance level*®
(details available in the Supporting Information).

Estimation of DA Concentrations. To estimate in vivo
DA concentrations, a generalized linear model (GLM;
implemented using “fitglm” function in Matlab)** ™" was
proposed to predict DA concentrations for an MCSWYV scan
data. First, a “training” dataset consisting of in vitro post-
calibrations recording was collected. This dataset was then used
to find maximum likelihood estimators of the parameters of the
GLM. For these parameters, we then predicted unknown DA
levels from a “test” dataset (either in vitro testing or in vivo
testing). The in vitro dataset was used to compare model

https://dx.doi.org/10.1021/acsomega.0c05217
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Figure 4. Processing DA kernel and prediction by probabilistic
inference method. (A) Example of distribution of MCSWYV oxidation
currents with 200 nM DA in vitro using the same data shown in Figure
2A. DA kernel was determined using the methods proposed in this
study: thresholding by the top Sth percentile from the analytical
distribution (gray line). (B) DA kernels for the representative in vitro
post-calibration recordings are shown in (A) (yellow) and the in vivo
recording (green). (C) Example of DA concentration predictions
using the method in (A) and (B) for the post-calibration (left, orange)
and the in vivo recording (green, right). Arrow represents DA injection
for post-calibration and nomifensine administration in vivo; the dashed
line indicates injected DA concentration in post-calibration. (D)
Distributions of the predicted DA concentrations during the first 40
min and the last 15 min for the in vivo and in vitro post-calibration
recordings in (C), respectively.

performance via fivefold cross-validation.’”** The in vivo
dataset was used to predict the unknown DA concentrations
of interest. MCSWYV scans of the training dataset were collected
in vitro (0—1000 nM of DA)."> We have previously observed
that the relation between charge-DA levels is best predicted by a
quadratic regression. The integration of the oxidation currents,
which overlapped with the predetermined binary DA kernel
(i.e., total faradic current derived from DA oxidation), was then
computed. In individual animals, the integrated oxidation
currents were normalized according to the area of the DA
kernel. In the GLM, thereafter, the integrated values of the
oxidation currents with 0 and 200 nM DA concentrations were
linked to the training dataset. For this linking/regression
procedure (i.e., link function of GLM or model option of fitglm
function in Matlab), we used the quadratic function that fits
MCSWV responses to 50—1000 nM DA (Figure 1C). The
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resultant linking information (link function or quadratic
regression model) of the GLM, determined by the in vitro
training dataset, allowed a prediction of DA concentrations in
the test dataset collected with in vitro post-calibration and in
vivo recordings. Additional details are available in the
Supporting Information.

B RESULTS AND DISCUSSION

General Principles of MCSWV. MCSWV exploits the
adsorption equilibrium of DA on the surface of the carbon-fiber
microelectrode to determine tonic concentrations.'??
MCSWV parameters have been optimized to enhance
sensitivity and selectivity to DA as determined empirically
with in vitro experiments. Briefly, MCSWYV consists of five cyclic
square waveforms, each consisting of square-wave oscillations
superimposed on a symmetric staircase waveform (Figure
1A,B). These waveforms are applied every 10 s (Figure 1B).
When DA adsorption reaches equilibrium, multiple voltage
waveforms are applied in quick succession. Dynamic DA
oxidation and reduction take place with each waveform, and the
amount of oxidizable DA available to each subsequent
waveform is decreased (Figure 1C). This is due to the relatively
rapid depletion of DA adsorbed on the surface, relatively slower
depletion of DA in the diffusion compact layer immediately
adjacent to the surface, and repulsion and diffusion of the
positively charged DA oxidation product (dopamine-o-
quinone) away from the carbon-fiber microelectrode as voltage
continues to increase after the DA oxidation potential is
reached.’® The extent of decrease in oxidation signal with the
series of voltage waveforms correlates with the DA concen-
tration in the medium.'”'® A rest period (10 s) after the
application of each cycle of multiple waveforms allows time for
re-establishment of the DA adsorption equilibrium (Figure
1B)."” Figure 1C (middle) shows an MCSWV pseudo-color
plot. The DA oxidation peaks are visualized in red, while the
reduction peaks are seen in blue. Of these four oxidation—
reduction peaks, the signal with the highest oxidation peak was
deemed most sensitive for detecting DA concentration (Figure
2A) and, therefore, the high values of DA oxidation current
were used to estimate the DA level.

Peak-Based Estimation of MCSWV Signal. To deter-
mine DA concentrations, the peak-based method was used
earlier for the post-processing of MCSWYV data. In this method,
60% value of the peak oxidation current from post-calibration
recordings and in vivo (gray plane in Figure 2A, a representative
example for in vitro with 200 nM of DA) were used,
respectively, as the threshold to generate DA kernels (Figure
2B)."° The oxidation current within this DA kernel (Figure 2B)
was summated to determine the DA concentration in vivo from
the post-calibration in vitro data. Then, the GLM”” was used to
estimate the DA concentrations by linking the in vitro MCSWV
dataset recorded with the known DA concentration (i.e., 0 and
200 nM), to the dataset to be predicted with the unknown DA
concentration (details in the Methods section). As depicted in
Figure 2B, the size and shape of the DA kernel in vivo appear
different from the DA kernel in vitro. This is because the peak
oxidation potential and overall oxidation patterns for in vitro
and in vivo recordings are different. The in vitro DA kernel is
relatively compact compared to the in vivo DA kernel because of
a sharper DA oxidation current peak in the former (Figure 2D).
The peak-based method does not consider the shape and
kurtosis of the DA response recorded by MCSWYV and,
therefore, appears to result in a higher error in in vivo DA
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estimation. In Figure 2C,D, estimations of DA concentration
using the peak-based method are shown for a representative in
vivo and in vitro post-calibration dataset. The values of each
oxidation current within the DA kernels in Figure 2B were
integrated and predicted the in vivo concentration based on the
GLM trained by the in vitro 200 nM DA. The in vivo recordings
utilizing the peak-based method estimated the tonic level of DA
in the striatum of anesthetized rat to be approximately 1000 nM
for this animal, which is 9- to 25-fold higher than previous
reports'ls,lé,ls,l‘)

Analytical Distribution of MCSWV Signal. To system-
atically determine an oxidation current cutoff for generating DA
kernels, the analytical distribution of the oxidation current in
the MCSWV pseudo-color plot was used for less subjective
post-processing of MCSWYV data. A probability density
function modeling the distribution of the oxidation current
was determined and used to predict the DA concentration for
the same dataset shown in Figure 2. The intensity distribution
of MCSWYV pseudo-color plot was observed to approximate a
lognormal distribution (Figures 3 and 4A; in vitro: n = 6
electrodes, R? = 0.95 + 0.01; in vivo: n = 6 rats, R = 0.93 +
0.02; goodness-of-fit tests, P < 107 for each fitting; validation
procedures are demonstrated in the Supporting Information).
The top Sth percentile of each analytical distribution (in vivo
and post-calibration in vitro) was chosen to generate the DA
kernel and infer the concentration of DA (see also discussion of
using top 1st and 10th percentiles in the Supporting
Information). Here, the analytical distribution is presumed to
be the distribution under the null hypothesis that there is no
relationship with DA. Given the null distribution, if an
oxidation value exists in the one-sided critical area greater
than 5% significance level, that value is presumed to be
significantly different from the null population and, thus, is
identified as a threshold; it is analogous to a one-sided statistical
test with 5% significance level.”® Accordingly, values above the
threshold were classified as units of 1 in the binary DA kernel.
The cutoff levels for the DA-related signal (ie, top Sth
percentiles for in vivo and for in vitro) are shown for a
representative dataset in Figure 3. These cutoff values were then
used to create the DA kernels for further data analysis to
estimate tonic DA concentrations.

Probabilistic Inference Method. The data were further
analyzed using the analytical distribution inferred for the
distribution of MCSWYV oxidation currents as shown in Figure
2. Each in vivo and post-calibration in vitro dataset was analyzed
to create a new DA kernel based on the top Sth percentile cutoft
of the analytical distribution (Figure 4A). Increased similarity in
the shape and size of the in vivo and post-calibration in vitro DA
kernels was observed in the new DA kernels (Figure 4B)
compared to those obtained using the previous peak-based
method (Figure 2B). This is because the probabilistic inference
method considers the shape of oxidation response, which can
be different between in vivo and post-calibration in vitro.
Therefore, this could potentially reduce the error in estimations
of in vivo tonic DA concentrations from a post-calibration
performed in a different environment (i.e., in vivo). Estimated
DA concentration using the new DA kernels showed
significantly reduced values by a factor of 12 for in vivo
measurements for the representative dataset (49.7 + 0.1 nM,
mean + SEM; Figure 4D), compared to the peak-based analysis
(10022 + 2.0 nM, mean + SEM; Figure 2D). This indicates
the possibility of an overestimation of tonic DA with the peak-
based method. In addition, the variability of measured tonic DA
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concentration in vivo over a given period is reduced by a factor
of 5, mainly as a result of generating a much sharper peak in the
distribution of tonic DA (Figure 4D) compared to that with the
peak-based method (Figure 2D). We have thus developed an
automatic and robust method for MCSWV data post-
processing based on the analytical distribution of the oxidation
currents in the MCSWYV pseudo-color plot.

Increased Precision for In Vivo Tonic Dopamine-Level
Estimation. The reliability of DA concentration estimation
using the probabilistic inference method was compared to the
peak-based method. Figure SA compares the variance of the

A Paired t-test: P = 0.039 B Bartlett's test: P = 1.4 x 10°
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Figure 5. Comparison of the two methods. (A) Coefficient of variation
(CV) in the predicted DA concentrations for the in vitro post-
calibration (n = 6 electrodes; mean in vertical bar + SEM in box; peak-
based method: 1.6 + 0.4%; probabilistic inference method: 0.4 & 0.1%
peak-based versus probabilistic inference, paired t-test, t; = 2.77, P =
0.039). Four solid lines indicate significantly lower variance within an
in vitro session in the probabilistic inference method compared to the
peak-based method (Bartlett’s test, P < 0.05). (B) Comparison of the
predicted tonic DA concentrations in vivo (n = 6 rats). Variance of
predicted tonic DA across rats was significantly lower in the
probabilistic inference method compared to the peak-based method
(Bartlett’s test, y* = 10.14, P = 1.4 X 10™%; mean in vertical bar + SEM
in box at logj, scale). Five solid lines indicate significantly lower
variance within an in vivo session in the probabilistic inference method
compared to the peak-based method (Bartlett’s test, P < 0.0S).

predicted values of MCSWYV responses to 200 nM of DA over
1S5 min for the post-calibration in vitro data shown in Figure 4D
versus Figure 2D (n = 6 electrodes). The coefficient of variation
(CV), a statistical assessment of the level of dispersion around
the mean, was computed in each post-calibration in vitro dataset
for both methods. In both cases, the CV was relatively small
among samples. This is not surprising given the stable beaker
environment and lack of other electroactive interferents. The
variance for the probabilistic inference method (CV: 1.6 +
0.2%, mean + SEM), compared to the variance of the peak-
based method (CV: 1.6 + 0.4%), was significantly smaller in
four animals (Bartlett’s test, P < 0.0S for four rats; P = 0.43 and
0.52 for two rats), demonstrating increased precision for DA
recordings in vitro.

Next, it was sought to determine if the probabilistic inference
method reduces variance across animals in the prediction of in
vivo tonic DA concentrations over a 40 min period shown in
Figure 4D versus Figure 2D (Figure SB, n = 6 rats). The
predicted tonic DA levels in the striatum of anesthetized rats
were estimated to be 252.4 + 142.8 nM with the peak-based
method and 94.7 + 24.1 nM with the probabilistic inference
method. The two methods were not found to be significantly
different in the mean value of tonic DA levels (paired t-test, t; =
1.12, P = 0.31), and the tonic values are in line with previous
work by Oh et al,' Atcherley et al,'® and Barath et al.**
However, the probabilistic inference method demonstrated
significantly reduced variance in the tonic DA level prediction
across animals (Bartlett’s test, y* = 10.14, P = 1.4 X 1073). This
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finding indicates that the probabilistic inference method is a
more precise and reliable method for determining in vivo tonic
DA concentrations.

This increased precision, automation, and probabilistic
quantification is important not only for research purposes but
also for clinical applications.”> Neurotransmitter concentra-
tions, especially DA, are thought to be correlated with and
involved in the mechanisms of various neuropsychiatric
conditions like PD.* Deep brain stimulation (DBS) for PD
may act by altering the level of DA, which can, in turn, be used
as a biomarker for closed-loop feedback.>” For a robust closed-
loop DBS system, it is imperative to have a reliable technique
for objective quantification of the neurotransmitters to be used
as biomarkers. Recently, invasive neurotransmitter measure-
ments have been performed in the human brain using
voltammetry techniques in the setting of DBS neurosurgical
procedures.” This allows an excellent opportunity to investigate
the role of these neurotransmitters in learning, reward,
motivation, and valance states of individuals in addition to
the disease process.”® However, so far, only phasic measure-
ments have been performed with little progress on tonic
levels.”*” Thus, MCSWV and the data processing technique
described in this study can aid in advancing the field of human
tonic voltammetry.

B CONCLUSIONS

MCSWV is a state-of-the-art technique permitting measure-
ment of tonic extracellular DA levels with high spatiotemporal
resolution. Although MCSWYV is advanced for quantifying tonic
DA levels in vivo, the post-analysis process was susceptible to
DA kernel and other variables. We have developed a novel
signal analysis technique that uses modeling of analytical
distribution and probabilistic inference for high-fidelity
estimation of tonic dopamine concentrations. Importantly, we
have demonstrated the ability of this technique for reliable and
robust tonic dopamine quantification in vitro and in vivo with
improved precision. Further development (e.g, improving
calibration accuracy) will likely make the technique more
teasible for future applications. This technique advances the
electrochemical measurement of tonic extracellular dopamine
levels, bringing it closer to future applications, i.e., applying it to
improve understanding of the tonic DA role in neurological and
psychiatric disorders, as well as utilizing tonic DA levels as
biomarkers for closed-loop deep brain stimulation.
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