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Abstract
Object—We previously reported the development of a Wireless Instantaneous Neurotransmitter
Concentration System (WINCS) for measuring dopamine and suggested that this technology may
be useful for evaluating deep brain stimulation (DBS)-related neuromodulatory effects on
neurotransmitter systems. WINCS supports fast-scan cyclic voltammetry (FSCV) at a carbon-fiber
microelectrode (CFM) for real-time, spatially resolved neurotransmitter measurements. The FSCV
parameters used to establish WINCS dopamine measurements are not suitable for serotonin, a
neurotransmitter implicated in depression, because they lead to CFM fouling and a loss of sensitivity.
Here, we incorporate into WINCS a previously described N-shaped waveform applied at a high scan
rate to establish wireless serotonin monitoring.

Methods—FSCV optimized for the detection of serotonin consisted of an N-shaped waveform
scanned linearly from a resting potential of, in V, +0.2 to +1.0, then to −0.1 and back to +0.2 at a
rate of 1000 V/s. Proof of principle tests included flow injection analysis and electrically evoked
serotonin release in the dorsal raphe nucleus of rat brain slices.

Results—Flow cell injection analysis demonstrated that the N waveform applied at a scan rate of
1000 V/s significantly reduced serotonin fouling of the CFM, relative to that observed with FSCV
parameters for dopamine. In brain slices, WINCS reliably detected sub-second serotonin release in
the dorsal raphe nucleus evoked by local high-frequency stimulation.

Conclusion—WINCS supported high-fidelity wireless serotonin monitoring by FSCV at a CFM.
In the future such measurements of serotonin in large animal models and in humans may help to
establish the mechanism of DBS for psychiatric disease.
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INTRODUCTION
Major depressive disorder is associated with significant morbidity and mortality and is ranked
as the second most disabling condition in the developed world 19, with lifetime prevalence in
the United States of approximately 17% 43. Serotonin (5-HT) is thought to play a key role in
mediating the pathophysiologic mechanism of depression 44. Indeed, selective 5-HT reuptake
inhibitors (SSRIs) are a common effective pharmacotherapy for depression 60. Recently, deep
brain stimulation (DBS) has been shown to be an effective therapeutic option for treatment-
resistant depression 39. Whether modulation of 5-HT neurotransmission contributes to the anti-
depressant effect of DBS, however, remains to be determined.

Fast-scan cyclic voltammetry (FSCV) at a carbon-fiber microelectrode (CFM) represents one
measurement technique that may help to resolve this issue. FSCV supports rapid and
chemically resolved monitoring at a microsensor 8,17,46. Through repeated rapid application
of a voltage scan, oxidative and reductive currents can be monitored at the sensing electrode
surface to specifically identify the analyte. We have previously described the development of
the Wireless Instantaneous Neurotransmitter Concentration System (WINCS) that supports
FSCV for measurement of dopamine (DA) and have suggested that this technology may be
useful for evaluating the neurotransmitter release hypothesis of DBS 7,50. WINCS is a small,
sterilizable battery-powered, wireless instrument designed in compliance with FDA-
recognized consensus standards for medical electrical device safety. WINCS also demonstrated
reduced susceptibility to ambient electrical noise and is therefore capable of performing high-
fidelity electrochemical measurements outside of a faraday cage and in the noisy
electromagnetic environment inside a typical operating room 7. Thus, advantageous design
features of WINCS will support FSCV measurements in large-animal models and assure patient
safety by facilitating integration into the existing functional neurosurgical set-up.

We now expand the capability of WINCS to measure 5-HT with FSCV. At electrochemical
parameters utilized for DA, the presence of 5-HT leads the formation of multiple 5-HT
electrochemical byproducts 24. These reactive byproducts accumulate at the CFM surface and
cause rapid and irreversible fouling, thus significantly slowing response time and decreasing
sensitivity over time. Several strategies are available to minimize these fouling processes 22,
28,52,56. Jackson et al. described a distinct waveform to measure 5-HT in vivo 24, which we
call here the ‘5-HT waveform’. Parameters for this N-shaped waveform are a resting potential
of +0.2 (Volts) V and scans to +1.0 V, then to -0.1 V and back to +0.2 V and a scan rate of
1000 V/s. Using this waveform, WINCS was able to measure 5-HT with flow injection analysis
as well as electrically evoked 5-HT release in the raphe nucleus of the rat brain slice with high-
fidelity. The capability of WINCS to monitor 5-HT release with FSCV in large animal models
and in the human operating room setting may help to define the mechanism of action of DBS
for depression.

MATERIALS AND METHODS
Animals

Five adult male Sprague-Dawley rats, weighing 300 to 400 g, were used for brain slice testing.
Rats were housed under standard conditions, with ad libitum access to food and water. Care
was provided in accordance with NIH guidelines (publication 86–23) and approved by the
Mayo Clinic Institutional Animal Care and Use Committee.
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Wireless Instantaneous Neurotransmitter Concentration System (WINCS)
As we have previously reported, WINCS hardware incorporates circuitry that applies the FSCV
waveform to the microsensor, in this case the CFM, samples the resulting sensor current, and
transmits the current measurements to the WINCS base station via a Bluetooth radio link 2,7,
50. Data are displayed in several graphical formats, in nearly real time, by custom software
(WINCSware) running on the base station.

FSCV at a CFM
For FSCV, two different waveform parameters were compared. Each was applied to the CFM
every 100 ms (10 Hz). As described in the introduction, the so-called ‘5-HT waveform’
consisted of a resting potential of +0.2 V scanned to +1.0 V, then to −0.1 V and back to +0.2
V that was applied at a rate of 1000 V/s 24. The other waveform consisted of a resting potential
in between scans of −0.4 V scanned to +1.0 V and back to −0.4 V and a scan rate of 300 V/s.
We will refer to these parameters as the ‘DA waveform’. These two waveforms are shown in
Figure 1. As can be seen, the DA waveform (Figure 1A) is broader than the 5-HT waveform
(Figure 1B). This is due to differences in scan rate and potential range. For example, the DA
waveform, which has a duration of 9.3 ms, is applied at 300 V/s, whereas the 5-HT waveform,
which lasts 2.2 ms, is applied at 1000 V/s. The DA waveform also covers a greater potential
range than the 5-HT waveform (2.8 V versus 2.2 V, respectively).

The CFM was constructed by aspirating a single carbon fiber (r = 2.5 μm) (AmocoR T60) into
a borosilicate glass capillary and pulling to a microscopic tip using a pipette puller (P-2000,
Sutter Instruments, CA, USA). The exposed carbon fiber was trimmed to a final length of ~100
μm using a scalpel 10. To exclude negatively charged interference, the tip of the CFM was dip
coated with 5 % Nafion and dried under a heat gun three times 45. The Ag/AgCl reference
electrode was fabricated by chloridizing a 31 gauge silver wire 16.

Flow Injection Analysis
Flow injection analysis was used for in vitro measurements with FSCV at a CFM 33. In this
procedure, well established for device testing and microsensor calibration, a CFM is placed in
a flowing stream of buffer and analyte is injected as a bolus. The buffer solution, composed of
150 mM sodium chloride and 12 mM Tris at a pH 7.4, was pumped across the CFM at a rate
of 6 ml/min. An electronic loop injector, locally fabricated, introduced a bolus of analyte for
5 s into the flowing stream at defined test concentrations.

In vitro brain slice preparation
For the preparation of slices, 6- to 8-week-old male Sprague-Dawley rats were deeply
anaesthetized with urethane (1.5 g/kg, i.p.; supplemented 15 min later with 0.5 g/kg, i.p.) and
sacrificed by decapitation. The brain was rapidly removed and put into a chilled solution (5°
C) in which NaCl was replaced with sucrose while the osmolarity was maintained at 307 mOsm
1. Slices (400 μm thick) were cut in the coronal plane using a vibratome (Leica, Wetzlar,
Germany). Slices were placed in an interface-style recording chamber (Fine Sciences Tools,
Foster City, CA, USA), maintained at 35°C and allowed to recover for at least 2 h. The bathing
medium contained (in mM): NaCl, 126; KCl, 2.5; MgSO4, 1.2; NaH2PO4, 1.25; CaCl2, 2.4;
NaHCO3, 26; HEPES, 20; D-glucose, 10. Medium was aerated with 95% O2 and 5% CO2 to
a final pH of 7.4. For the first 20 min that slices were in the recording chamber, bathing medium
contained an equal mixture of the normal NaCl and the sucrose-substituted solutions. Slices
were perfused with drug for 20 min before postdrug data were collected.
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Electrical Stimulation
A train of monophasic current pulses (200 μA, 2 ms duration) were delivered to a twisted
bipolar stimulating electrode (Plastics One, MS 303/2, Roanoke, VA, USA) at a frequency of
60 Hz using an optical isolator and programmable pulse generator (Iso-Flex/Master-8; AMPI,
Jerusalem, Israel) 37. Stimulus trains, separated by > 5 min to assure sufficient time for 5-HT
release to recovery, consisted of 10, 20 or 40 pulses.

Chemicals
Drugs were dissolved in distilled water at a stock concentration of 10 mM, diluted with flow
injection analysis buffer or slice bathing medium to the final concentration. Fluoxetine
hydrochloride, 5-HT hydrochloride and DA hydrochloride were purchased from Sigma (St.
Louis, MO).

RESULTS
Comparison of the DA and 5-HT waveforms

In FSCV, scanning the potential at a high rate produces a large background current due to
charging of the double layer capacitance of the exposed carbon fiber. Fortunately, this
background current is stable over short times, so that it can be subtracted to reveal the
considerably smaller faradaic currents generated by analyte electrochemistry. A plot of
measured current as a function of applied potential is called a voltammogram. The background-
subtracted voltammogram, which can be plotted individually or sequentially in a 3-D pseudo-
color representation, serves as a chemical signature to identify the analyte detected during the
measurement. Figures 2 and 3 show FSCV measurements of 5-HT collected by the
aforementioned DA and 5-HT waveforms, respectively. Background currents plotted with
voltage unfolded linearly are displayed in the bottom panel of Figures 2A and 3A. The top
panel show the corresponding changes in applied voltage during the scan for each waveform
and plotted with time. Note, for both waveforms, that the large background signal (black line)
overshadows the smaller faradaic current for 5-HT (red line). Background subtraction plotted
similarly, shown in the bottom panel of Figures 2B and 3B, reveals the 5-HT voltammogram.
For reference, the voltage scan plotted versus time is also shown in the top panel.

Background-subtracted voltammograms collected by the two waveforms are clearly different.
The voltammogram collected with the DA waveform, as shown in Figure 2B (bottom panel),
exhibits an upward facing, oxidative peak and two downward facing, reductive peaks. The
oxidation peak occurs at a potential of approximately +0.5 to 0.6 V, whereas the “double”
reduction peaks correspond to potentials of 0 to −0.1 V and −0.4 to −0.5 V. A byproduct of 5-
HT oxidation is responsible for the formation of this second reduction peak 24,29. The deflection
at 1.0 V is a switching artifact and unrelated to 5-HT electrochemistry. In contrast and shown
in Figure 3B (bottom panel), only two peaks are evident in the background-subtracted
voltammogram collected with the 5-HT waveform. The upward facing peak at approximately
+0.6 to +0.7 V is due to oxidation of 5-HT to ρ-quinone-imine and the downward facing peak
at 0 to −0.1 V is due to the reduction of the electroformed quinone back to 5-HT.

As shown in Figures 2C and 3C, all background-subtracted voltammograms collected during
the recording are plotted sequentially in time using a pseudo-color display, with time as the x
axis, voltage as the y axis, and current as the z or color axis. The brown color is zero current,
established by background subtraction procedure. Color features, which occur between 5 and
10 s, represent 5-HT electrochemistry when the CFM is exposed to 5-HT during bolus ejection
of flow injection analysis. The green-purple colors correspond to 5-HT oxidation, while the
black-yellow colors correspond to 5-HT reduction. The vertical white line represents one
voltammogram, as shown in Figures 2B and 3B, bottom panel.
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The horizontal white line on the color plots, which is located at the peak oxidation potential
for 5-HT, represents the change in 5-HT oxidative current with time. The resulting current
change is shown in Figures 2D and 3D. Notice the faster dynamics of the measured bolus
injection of 5-HT for the 5-HT waveform (Figure 3D) when compared to the DA (Figure 2D)
waveform, as demonstrated by the sharper changes in current during the dynamic concentration
change. The deflections around 5 and 10 s are injection artifacts. Comparison of DA and 5-HT
waveform, as shown in Figures 2 and 3, was performed on four additional electrodes (data not
shown).

To determine CFM fouling and loss of sensitivity to 5-HT, sequential injections of 5-HT were
measured by the two waveforms as shown in Figure 4. Each point in Figure 4A represents
maximal current collected at the peak oxidative potential for 5-HT and measured during a 10
μM injection of 5-HT. Data are the maximal signal expressed as a percent of the first injection.
Buffer contained 1 μ5-HT to mimic the continuous exposure a CFM might encounter when
implanted in the brain in vivo. In contrast to the 5-HT waveform, which produced a constant
signal amplitude with each injection, there was a rapid decrease in sensitivity to 10 μM 5-HT
with the DA waveform. In fact, by the 10th injection, the 5-HT signal measured with the DA
waveform decreased by approximately 50%. The background-subtracted voltammograms
collected with either 5-HT (Figure 4B) or DA (Figure 4C) waveform demonstrated that the
potentials at which 5-HT oxidative and reductive peaks occurred did not change with injection
number. However, as expected, the amplitude of the oxidative peak for 5-HT decreased with
the 10th injection for the DA waveform, but only slightly for the 5-HT waveform. In these
voltammograms, current is plotted with the voltage folded back onto itself. Similar
observations were made on four different electrodes (data not shown).

Characterization of the 5-HT waveform
The 5-HT waveform was further characterized by determining concentration-response curves
for 5-HT and DA, and comparing background-subtracted voltammograms for the different
analytes. Concentration-response curves for 5-HT and DA and collected by the 5-HT waveform
are compared in Figure 5. Figures 5A-D show representative pseudo-color plots of known 5-
HT standard solutions (0.25, 2.5, 5 and 10 μM, respectively). Applying the same color range
representing current to all four pseudo-color plots highlights the increase in oxidative current
and reductive current with increasing 5-HT concentration. As in Figures 2D and 3D, the
deflections towards the beginning and end of the bolus signal are an artifact of the loop injection
and filtering, and unrelated to 5-HT electrochemistry. Figure 5E shows current measured at
the peak oxidative potential for 5-HT (horizontal white lines on the pseudo-color plots 5A-D)
during the bolus 5-HT injections and plotted with time. Note the increase in maximal current
with increasing 5-HT concentration. Figure 5F plots maximal current with analyte
concentration. While there was a linear increase in current with concentration for both 5-HT
(r2 = 0.95) and DA (r2 = 0.99), the 5-HT waveform was approximately 20-times more sensitive
to 5-HT than to DA. All measurements were collected at the same CFM. Similar concentration-
response curves were also recorded at four additional CFMs (data not shown).

Several analytes, including changes in pH, can be considered “interferents” to the voltammetric
measurement of 5-HT in the brain, because all would contribute to current monitored at the
peak oxidation potential for 5-HT if present. Figure 6 shows background-subtracted
voltammograms, collected with the 5-HT waveform, for 5-HT (A, 10 μM), DA (B, 10 μM),
alkaline (C, pH = 8.5), and acidic (D, pH = 6.5) solutions. Based on several characteristics,
voltammograms for DA and pH can readily be distinguished from 5-HT. For example, the
oxidation peak of DA is shifted to the right (more positive) and broader than that for 5-HT,
and the reductive peak appears on the negative excursion for 5-HT, but not for DA. Moreover,
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acidic and alkaline pH changes produce voltammograms with peaks of different shapes and
appearing at different voltages compared to 5-HT.

Brain slice 5-HT recording with the 5-HT waveform
As shown in Figure 7, the in vitro slice preparation of the dorsal raphe nucleus was used to
demonstrate the capability of WINCS to detect 5-HT in brain tissue. Panel 7A shows the
experimental setup, with WINCS in the foreground and the slice chamber and microelectrode
manipulators in the background. A concentric bipolar stimulating electrode and a CFM were
placed in the dorsal raphe nucleus approximately 100 μm apart, as shown in a schematic
drawing in Panel 7B. A representative pseudo-color plot in Panel 7C shows sequential
voltammograms indicative of 5-HT release in the slice during a 40-pulse train delivered at 7
s. Current traces recorded at the peak oxidative potential for 5-HT are shown in Panel 7D. Note
the increase in signal amplitude with increasing number of stimulus pulses. Return of the
evoked signal to baseline levels after maximal 5-HT release represents cellular reuptake of 5-
HT. Oxidative and reductive peaks in the background-subtracted voltammogram (INSET, see
vertical dashed lines) match those expected for 5-HT. As shown in Panel 7E, bath application
of 5 μM fluoxetine, a SSRI, delays the signal return to baseline after a 20 pulse stimulation,
indicative of slowed 5-HT reuptake. Electrically evoked 5-HT was recorded in four additional
slices and showed similar results (data not shown).

DISCUSSION
We previously demonstrated that WINCS is able to measure DA, adenosine and glutamate 2,
7,50. Here, we expand the chemical repertoire of WINCS to include 5-HT, a neurotransmitter
strongly implicated in depression. Compatible with the operating room setting and designed
for human use, WINCS supports FSCV at a CFM for chemically, temporally and spatially
resolved neurotransmitter monitoring. By wirelessly measuring 5-HT with high-fidelity,
WINCS is well suited for testing, both in large animal models and in humans, the hypothesis
that DBS for depression may modulate 5-HT systems.

WINCS
WINCS is a small, sterilizable, battery-powered, wireless device designed in compliance with
FDA-recognized consensus standards for medical electrical device safety. With important
safety issues addressed, particularly those related to line-powered devices, WINCS is
compatible with chemical measurements in humans. Analog-to-digital conversion of the
recorded signal near the point of acquisition, combined with digital telemetry, enhances signal
quality and provides enhanced immunity to electromagnetic interference. This capability for
WINCS to support chemical measurements outside the faraday cage, which is typically
required by conventional hardwired devices to block ambient noise, makes this device
functional in an operating room setting 2,7. WINCS can also transmit data to a remotely located
base station, so, coupled with its small size, it does not contribute to crowding in the busy
operating room area. Collectively, these characteristics allow the application of WINCS for
clinical as well as research purposes, such as in large animal models.

FSCV for 5-HT
FSCV measurements of 5-HT at a CFM are challenging 24,25,29. With a waveform used for
DA measurements 20, here the so-called DA waveform, 5-HT concentration dynamics assessed
by a bolus injection were slowed (Fig. 2D) and sensitivity to 5-HT decreased over time (Fig.
4A). These measurement limitations, due to the formation of reactive byproducts that foul the
surface of the CFM, are overcome with careful selection of different FSCV parameters 9,22,
24,28. Indeed, the use of FSCV parameters identified by Jackson et al. 24, here the so-called 5-
HT waveform, greatly accelerated observed 5-HT dynamics (Fig. 3D) and permitted the
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measurement of repetitive 5-HT injections with only slight decrement in signal amplitude (Fig.
4A). Moreover, the 5-HT waveform was highly sensitive to 5-HT (Fig. 5) and permitted high-
fidelity monitoring of 5-HT in brain tissue (Fig. 7). Taken together, these data establish real-
time, wireless 5-HT monitoring with WINCS.

By expanding its repertoire to include 5-HT, WINCS can now take full advantage of the
analytical attributes of FSCV at a CFM for monitoring this neurotransmitter important for
neuropsychiatric diseases. For example, the microsensor can be positioned in the raphe nucleus
of the rat (Fig. 7B) for spatially selective neurotransmitter monitoring in this small brain region.
The high temporal resolution of FSCV permits direct observation of the dynamic change
elicited by fluoxetine on neuronal 5-HT reuptake (Fig. 7E), an action thought to underlie the
mechanism of SSRI action for treating depression 60. Finally, the chemical resolution of FSCV
is well suited for distinguishing 5-HT from putative interferents (Fig. 6).

5-HT and depression
These proof of principle measurements demonstrating the capabilities of WINCS to reliably
measure 5-HT might be relevant for future research on the role of 5-HT in a variety of neuronal
processes and diseases, including depression. Serotoninergic projections from the raphe nuclei
provide prominent innervations to neuronal circuitries processing emotions 21,41. 5-HT
transporters and receptors have been autoradiographically localized in regions belonging to
the limbic cortico-striato-pallido-thalamic circuits 58. Cortical elements of this circuitry are the
medial orbitofrontal cortex, the anterior cingulate including the subgenual cingulate cortex
(Cg25) and the agranular insular cortex. Subcortical connections running in the anterior internal
capsule target the nuclei caudatus and accumbens. Via the globus pallidus, the dorsal substantia
nigra and the ventral tegmental area connectivity to the dorsomedial thalamic nucleus is
established. Projections back to the cortices via the anterior internal capsule and the inferior
thalamic peduncle complete the circuit 30.

In depression, a 5-HT imbalance is generally discussed as an underlying pathophysiologic
mechanism 13. Serotonin enhancing drugs like SSRIs and tricyclic antidepressants are a
common effective pharmacotherapy for depression 60. People carrying the short allele of the
5-HT transporter (5HTT), a gene that affects the promoter region encoding for 5HTT, have an
increased vulnerability of developing depression. However, the clinical implications of these
findings and causative relationship remain to be determined 11. In clinical studies with patients
recovering from depression, tryptophan depletion led to a relapse; however, healthy controls
did not experience mood changes 51,61. Tryptophan depletion is a technique employed to lower
plasma and brain tryptophan by administering an amino acid mixture free of the 5-HT precursor
tryptophan 13. A recent single photon emission computed tomography study (SPECT) in
healthy, euthymic male individuals demonstrated that positive and negative changes in
subjective happiness associated with rapid tryptophan depletion were significantly correlated
with changes in the regional cerebral blood flow in the subgenual cingulate cortex (Cg25) and
associated regions 53. Taken together, the 5-HT system and its inherent interaction with other
neurotransmitter networks are likely to play a role in mediating depression.

DBS and Depression
Although the clinical efficacy of DBS is well established, the biological mechanisms of action
still remain to be elucidated. Compared to ablative lesioning surgery, DBS is characterized as
being relatively less-invasive, focused, reversible and modulatory 19. Proposed mechanisms
of action include silencing of stimulated neurons, modulation of network activity and
neurotransmission and long-term synaptic plasticity 18,38. High-frequency stimulation is also
thought to induce excitation of efferent axons that results in release of neurotransmitters from
remote efferent terminals 40,42. Release of neurochemicals may contribute to the beneficial
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effect of DBS in a variety of diseases including tremor 5, Parkinson’s disease 34–36 and possibly
depression.

Depression and other significant psychiatric side effects have been reported to be highly
comorbid in Parkinson’s disease patients receiving DBS of the subthalamic nucleus (STN) 4,
12,14,15,23,32,47,55. On the other hand, mood improvement after DBS of the internal globus
pallidus for tardive dyskinesia in a patient suffering from major depression has been observed
31. A recent study of bilateral STN-DBS in a rat model of Parkinson’s disease resulted in
decreased firing of serotoninergic neurons in the dorsal raphe nucleus as well as induction of
depression like behavior, suggesting modulatory effects of DBS on the 5-HT system 54. Thus,
neuropsychiatric consequences of DBS for movement disorders are currently receiving much
needed scientific attention.

Moreover, based on the successful application of DBS as a treatment for movement disorders
6, several therapeutic trials have recently been conducted to investigate DBS as a treatment for
various psychiatric diseases including treatment resistant depression. Case reports and small
series reports on the efficacy of DBS as a therapy for treatment-resistant depression are
promising, though preliminary 3,26,27,31,39,49,57,59. Potential DBS targets for treatment
resistant depression identified in the literature include white matter adjacent to Cg25 27,39,
ventral striatum/nucleus accumbens 3,57, inferior thalamic peduncle 26,59, rostral cingulate
cortex (area 24a) 19 and lateral habenula 19,48. Thus far, DBS electrodes have only been
implanted in the first three of these structures 19. The ventral striatum/NAc, the Cg25 and the
inferior thalamic peduncle are important components of the limbic cortico-striatal-pallido-
thalamocortical loop. Given that DBS in treatment of depression may include neuromodulation
of the serotoninergic system, our current demonstration of the capability of WINCS to reliably
measure 5-HT might be helpful in clarifying this exciting question.

Future directions
Now that WINCS for 5-HT detection is available, future work will be directed toward
elucidation of potential 5-HT modulation by DBS. We expect that WINCS-based 5-HT
measurements may ultimately be an asset to DBS research and may provide chemical feedback
regarding the efficacy of the targeted site for neuromodulation. For example, chemical signals
collected by WINCS at an implanted microsensor could serve as a feedback signal for localizing
DBS electrode placement and adjusting stimulation parameters. Future studies based on this
proof of principle work will be directed toward in vivo 5-HT measurements in brain regions
related to DBS in animal models, and potentially, in humans.

Conclusion
Here we have demonstrated that WINCS effectively monitors 5-HT in brain tissue. We
conclude that this capability of WINCS may be helpful in testing the hypothesis that
effectiveness of DBS for depression is at least partially related to modulation of the 5-HT
system.
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Abbreviations

5-HT 5-Hydroxytryptamine (Serotonin)

5-HTT 5-HT transporter

Aq Aqueduct

CFM Carbon Fiber Microelectrode

Cg25 Brodmann Area 25 of the subgenual cingulated cortex

DA Dopamine

DBS Deep brain stimulation

DR dorsal raphe

FDA Food and Drug Administration

FSCV Fast-scan cyclic voltammetry

MDD Major depressive disorder

NAc Nucleus accumbens

SSRI Selective serotonin reuptake inhibitor

STN Subthalamic nucleus

V Volts

WINCS Wireless Instantaneous Neurotransmitter Concentration System
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Figure 1. FSCV waveform comparison
A. DA waveform consisting of a resting potential of −0.4 V scanned to +1.0 V and back to
−0.4 V and a scan rate of 300 V/s. B. 5-HT waveform consisting of a resting potential of +0.2
V scanned to +1.0 V, then to −0.1 V and back to +0.2 V and a scan rate of 1000 V/s.
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Figure 2. DA waveform for the detection of 5-HT using flow injection analysis
A. Background current with (red) and without (black) 5-HT plotted with voltage unfolded
linearly (bottom panel) with DA waveform (top panel). B. Background-subtracted linear
(unfolded) voltammogram (arrows identify the two reduction peaks) (bottom panel) with DA
waveform (top panel). C. Pseudo-color plot (10 μM 5-HT). D. Current measured at the peak
oxidative potential for 5-HT during the bolus injection and plotted with time.
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Figure 3. 5-HT waveform for the detection of 5-HT using flow injection analysis
A. Background current with (red) and without (black) 5-HT plotted with voltage unfolded
linearly (bottom panel) with 5-HT waveform (top panel). B. Background-subtracted linear
(unfolded) voltammogram (bottom panel) with 5-HT waveform (top panel). C. Pseudo-color
plot (10 μM 5-HT). D. Current measured at the peak oxidative potential for 5-HT during the
bolus injection and plotted with time.
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Figure 4. Comparison of the effects of DA and 5-HT waveforms on sequential injections of 10 μM
5-HT
A. Sensitivity change in % within 10 consecutive 5-HT injections. B. Serotonin waveform:
background-subtracted voltammograms comparing 1st (solid line) and 10th injection (dashed
line). C. Dopamine waveform: background-subtracted voltammograms comparing 1st (solid
line) and 10th injection (dashed line).
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Figure 5. 5-HT and DA calibration curves collected with the 5-HT waveform
A. - D. Pseudo-color plot (0.25, 2.5, 5, 10 μM 5-HT). E. Current measured at the peak oxidative
potential (horizontal white line on the pseudo-color plots) for a bolus injection of 5-HT.
Increasing current corresponds to increasing 5-HT concentration (0.25, 2.5, 5, 10 μM 5-HT).
F. 5-HT (closed circles) and DA (open circles) calibration curves. The solid line is the best
linear fit.
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Figure 6. Comparison of background-subtracted cyclic voltammograms for different analytes
A. 10 μM 5-HT. B. 10 μM DA C. Alkaline pH change (from 7.4 to 8.5). D. Acidic pH change
(from 7.4 to 6.5).
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Figure 7. Detection of 5-HT in the dorsal raphe nucleus slice
A. Photograph of the slice chamber, WINCS unit with rechargeable battery, stimulating
electrode and CFM. B. Cartoon drawing showing the position of the CFM and stimulating
electrode in the brain slice (DR: dorsal raphe, Aq: Aqueduct). C. Pseudo-color plot for
electrically evoked 5-HT (40 pulses). Black bar indicates time of stimulation (HFS: High-
frequency stimulation). D. Electrically evoked 5-HT levels elicited by trains of 10, 20 and 40
pulses. INSET: Background-subtracted voltammogram for a 40-pulse train. E. Electrically
evoked 5-HT levels before and after the application of 5 μM fluoxetine (20 pulses). Stimulation
pulses (200 μA, 2 ms duration) were applied at a 60 Hz frequency.
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