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Abstract

Object—In a companion study, the authors describe the development of a new instrument named

the Wireless Instantaneous Neurotransmitter Concentration System (WINCS), which couples digital

telemetry with fast-scan cyclic voltammetry (FSCV) to measure extracellular concentrations of

dopamine. In the present study, the authors describe the extended capability of the WINCS to use

fixed potential amperometry (FPA) to measure extracellular concentrations of dopamine, as well as

glutamate and adenosine. Compared with other electrochemical techniques such as FSCV or high-

speed chronoamperometry, FPA offers superior temporal resolution and, in combination with

enzyme-linked biosensors, the potential to monitor nonelectroactive analytes in real time.

Methods—The WINCS design incorporated a transimpedance amplifier with associated analog

circuitry for FPA; a microprocessor; a Bluetooth transceiver; and a single, battery-powered,

multilayer, printed circuit board. The WINCS was tested with 3 distinct recording electrodes: 1) a

carbon-fiber microelectrode (CFM) to measure dopamine; 2) a glutamate oxidase enzyme-linked

electrode to measure glutamate; and 3) a multiple enzyme-linked electrode (adenosine deaminase,

nucleoside phosphorylase, and xanthine oxidase) to measure adenosine. Proof-of-principle analyses

included noise assessments and in vitro and in vivo measurements that were compared with similar

analyses by using a commercial hardwired electrochemical system (EA161 Picostat, eDAQ; Pty Ltd).

In urethane-anesthetized rats, dopamine release was monitored in the striatum following deep brain

stimulation (DBS) of ascending dopaminergic fibers in the medial forebrain bundle (MFB). In

separate rat experiments, DBS-evoked adenosine release was monitored in the ventrolateral

thalamus. To test the WINCS in an operating room setting resembling human neurosurgery, cortical
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glutamate release in response to motor cortex stimulation (MCS) was monitored using a large-

mammal animal model, the pig.

Results—The WINCS, which is designed in compliance with FDA-recognized consensus standards

for medical electrical device safety, successfully measured dopamine, glutamate, and adenosine, both

in vitro and in vivo. The WINCS detected striatal dopamine release at the implanted CFM during

DBS of the MFB. The DBS-evoked adenosine release in the rat thalamus and MCS-evoked glutamate

release in the pig cortex were also successfully measured. Overall, in vitro and in vivo testing

demonstrated signals comparable to a commercial hardwired electrochemical system for FPA.

Conclusions—By incorporating FPA, the chemical repertoire of WINCS-measurable

neurotransmitters is expanded to include glutamate and other nonelectroactive species for which the

evolving field of enzyme-linked biosensors exists. Because many neurotransmitters are not

electrochemically active, FPA in combination with enzyme-linked microelectrodes represents a

powerful intraoperative tool for rapid and selective neurochemical sampling in important anatomical

targets during functional neurosurgery.
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Deep brain stimulation and MCS have been successful in treating a variety of neuropsychiatric

disorders.22,29,45 Furthermore, there is now a growing body of evidence indicating that one

important mechanism of action of DBS and MCS is the modulation of neural networks through

neurotransmitter release.29,44 However, the role of specific neurotransmitters in this

phenomenon and the kinetics of release are only now beginning to be elucidated. Thus, the

development of tools to measure neurotransmitter release in humans may be important in

elucidating the mechanism of action as well as improving the neuromodulation technology. In

a companion paper,8 we have described the development of a small, battery-powered, wireless

device called the WINCS, which supports the electrochemical recording technique of FSCV

to measure dopamine extracellular concentrations in the brain. When combined with a CFM,

FSCV is the technique of choice for measurements of electroactive analytes, such as dopamine,

in anesthetized or freely moving animals. The background-subtracted cyclic voltammogram

serves as a chemical signature to identify the neurochemical of interest.18 However, FSCV is

prone to changes in background current and to temporal distortion by analyte adsorption to the

CFM.3

An alternative to FSCV is the electrochemical technique FPA. During FPA, a fixed potential

is applied to the probe at a level sufficient to oxidize the analyte of interest. Compared with

other real-time electrochemical techniques, such as FSCV or high-speed chronoamperometry,

FPA offers superior temporal resolution, with the capability of measuring analyte flux to the

probe as fast as the data acquisition permits.6,18,42 An additional advantage of FPA is that it

can be coupled to an enzyme-linked biosensor, thus enabling monitoring of nonelectroactive

neurochemicals such as glutamate, which has been implicated as being released during

electrical stimulation of the brain, such as DBS and MCS.21,32 A common configuration for a

glutamate biosensor is the coating of the enzyme glutamate oxidase onto a platinum microwire.

Glutamate reaction with this enzyme generates hydrogen peroxide, which is then oxidized at

the platinum surface of the probe by using FPA.

Similarly, the purine metabolite adenosine, which has recently been implicated in the tremor-

suppressant action of DBS of the thalamus,4 can also be measured with FPA by using an

enzyme-linked biosensor. Although this electroactive neurochemical can be measured with

FSCV by using CFMs, it oxidizes at a much higher potential (+1.3 V) than dopamine (+0.6
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V).13,25 The enzyme-linked biosensor consists of a 3-enzyme coating (adenosine deaminase,

nucleoside phosphorylase, and xanthine oxidase33) that is used to react with adenosine to

generate inosine (by removal of an amino group), further converted to hypoxanthine (by

removal of the ribose ring), and then oxidized to uric acid with the production of hydrogen

peroxide.

In this paper, the further development of the WINCS is described, expanding on the FSCV

capabilities established in our companion article8 to include FPA used in combination with

CFMs to measure dopamine, or with enzyme-linked biosensors to measure adenosine and

glutamate. Recordings of glutamate levels made using WINCS-based FPA were also

successfully obtained in a large-animal model mimicking human functional neurosurgical

procedures. These results demonstrate that the WINCS represents a powerful device that may

be used during neurosurgery to monitor various neurochemicals implicated in a number of

neurological and psychiatric disorders. Therefore, this device may prove useful for precision

placement of stimulating electrodes during functional neurosurgery and in elucidating the

mechanism of action of neurosurgical therapies such as DBS and MCS.

Methods

The WINCS Hardware Configuration

In our companion article,8 we described the development of the WINCS hardware that

combines FSCV with digital telemetry to perform microsecond electrochemical measurements

at a CFM implanted in the brain. Briefly, the WINCS device (Fig. 1 upper) incorporates a

transimpedance amplifier and associated analog circuitry for electrochemistry; a

microprocessor with a dual analog-to-digital converter and digital-to-analog ports; and a

Bluetooth transceiver (all on a single, rechargeable lithium-polymer battery–powered,

multilayer, printed circuit board). The device can be packaged in a sterilizable polycarbonate

case (Fig. 1 lower).

The WINCS in the FPA mode uses one of the microprocessor's digital-to-analog converters to

apply a fixed potential to a CFM or enzyme-linked biosensor. Sensor current is converted to a

voltage at 1 kHz by the transimpedance amplifier, converted to a digital data stream by one of

the microprocessor's analog-to-digital converters, and then wirelessly transmitted to the

WINCS support station. The support station consists of a Windows-XP laptop running custom

software that remotely (wirelessly) controls the parameters and operation of WINCS, such as

starting and stopping data acquisition and transmission, modifying the applied fixed potential,

and changing the sampling rate. The FPA data are saved to disk as a sequence of unsigned 2-

byte integers, a format suitable for postprocessing by various software applications, such as

MATLAB (The MathWorks, Inc.) or LabVIEW (National Instruments).

Fixed Potential Amperometry

The FPA recordings performed in a 2-electrode configuration with the WINCS were compared

with those obtained using a commercially available hardwired electrochemical recording

system (eDAQ, Pty Ltd.) that consisted of a potentiostat (EA161 Picostat) in conjunction with

an analog-to-digital signal converter-recorder (e-corder) run by Chart software. The FPA study

performed with a CFM was used to test the WINCS reliability by measuring dopamine in vitro

or electrically evoked dopamine release in vivo. During these experiments, the applied potential

was held at +0.8 V versus an Ag/AgCl reference/counter electrode.

Commercially available biosensors that are sensitive to adenosine (Sarissa Biomedical) and

glutamate (Pinnacle Technology, Inc.) were used to test the capability of the WINCS to measure

these molecules. These sensors consisted of a platinum wire coated with one or more enzymes
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and a selectively permeable membrane to block compounds that have the potential for

electroactive interference. Glutamate is converted by the enzyme glutamate oxidase to α-

ketoglutarate, generating hydrogen peroxide that is subsequently oxidized at the platinum

surface, producing an amperometric signal whose magnitude is directly proportional to the

concentration of the analyte. Adenosine deaminase converts adenosine to inosine by removal

of an amino group. Inosine is subsequently converted to hypoxanthine by the enzyme

nucleoside phosphorylase with the removal of the ribose ring. Xanthine oxidase subsequently

oxidizes hypoxanthine to xanthine, and further to uric acid, with the production of hydrogen

peroxide. The hydrogen peroxide at the adenosine sensor is oxidized in a similar manner as at

the glutamate sensor, producing an amperometric signal. For both in vitro and electrically

evoked release in vivo, the applied potential was set to values indicated by the manufacturers

of each sensor (+0.5 and +0.6 V for adenosine and glutamate, respectively).

In Vitro Testing of the WINCS-Based FPA

Analysis of Electromagnetic Interference—To evaluate the susceptibility of WINCS-

based FPA recordings to electromagnetic interference, measurements were collected by the

WINCS and compared with those obtained simultaneously with the eDAQ system in a hospital

neurosurgical operating room. A dummy cell consisting of a standard 100 ± 1% MΩ resistor

was connected to each system, and they were placed on the operating room table within 30 cm

of each other. A fixed potential of +0.8 V was applied to the dummy cell, and various electrical

devices normally used during functional neurosurgery were turned on and off sequentially to

evaluate noise perturbations. Oxidation current dynamics recorded in vivo by FPA are slow

enough to permit 10-Hz low-pass filtering to reduce noise, while preserving the signal of

interest.16,30,42,43 Thus, to mimic the filter settings typically used for in vivo testing (described

later), the FPA signals recorded from the dummy cell with the WINCS and the eDAQ system

were also filtered at 10 Hz.

Calibration of CFMs and Enzyme-Linked Biosensors—Prior to their use in vivo, flow

injection analysis was used with both the WINCS and the commercial eDAQ system for in

vitro FPA calibration of CFMs for dopamine. In this well-established procedure for device

testing and sensor calibration,28 a CFM was positioned in the center of a Plexiglas reservoir

(flow cell) in which a flowing stream of physiological buffer at room temperature (0.01 M

PBS, pH 7.6) was pumped at a constant rate of 4 ml/minute.8 An electronic valve allowed a 1-

ml volume loop containing 2.5, 5, or 10 μM of dopamine hydrochloride (Sigma-Aldrich, Inc.)

to be injected into the flowing stream of buffer for 5 seconds. An Ag/AgCl reference/counter

electrode positioned on the periphery of the reservoir in contact with the buffer solution

completed the 2-electrode system.

Using the commercially available enzyme-linked biosensors for glutamate and adenosine, in

vitro WINCS-based FPA measurements of various concentrations of these substances were

performed at room temperature prior to their use in vivo. Using similar calibration protocols

specified by the respective manufacturers of these sensors, 5 ml of a 50-μM adenosine solution

(Sigma-Aldrich, Inc.) was added to a beaker containing 20 ml of PBS to provide a single 10-

μM step in adenosine concentration. Glutamate sensitivity was assessed by adding 250 μl of a

5-mM L-glutamate solution (Sigma-Aldrich, Inc.) to a 25-ml volume of PBS stirred with a

magnetic stirrer for three 50-μM steps in glutamate concentration.

In Vivo Testing of the WINCS-Based FPA

Experimental Animals—For proof-of-principle evaluation of the functionality of the

WINCS-based FPA recordings in vivo, 5 adult male Sprague-Dawley rats weighing between

300 and 400 g were used to record electrically stimulated release of dopamine (4 rats) and

adenosine (1 rat). One female pig weighing 25 kg was used for in vivo glutamate recordings.
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The animals were housed under standard conditions with free access to food and water. Care

was provided in accordance with National Institutes of Health guidelines (Publication 86−23)

and approved by the Mayo Clinic Institutional Animal Care and Use Committee.

Dopamine Recordings—Four of the rats were anesthetized with 1.5 g/kg intraperitoneally

injected urethane (Sigma-Aldrich, Inc.) and then mounted onto a commercially available

stereotactic frame (David Kopf, Inc.). Multiple bur holes were drilled for implantation of the

reference/counter and stimulating electrodes and the CFM. Stereotactic coordinates were

obtained from the Paxinos and Watson rat atlas by using a flat skull orientation and the bone

suture landmark bregma as the reference point. A bipolar stimulating electrode (MS 303/2;

Plastics One) with the tips separated by 1 mm was placed within the MFB containing

dopaminergic axons at the following coordinates: AP −4.6, ML +1.2, and DV −8.0 mm from

dura mater. The CFM was positioned in the dorsomedial striatum at the following coordinates:

AP +1.2, ML +2.0, and DV −4.6 to −6.0 mm from dura mater, and it was adjusted to obtain a

robust stimulation-evoked FPA signal. The reference/counter electrode was inserted into

superficial cortical tissue contralateral to the CFM and stimulating electrode. Electrical

stimulation of the MFB consisted of a train of 60-Hz monophasic pulses (900 μA, 2-msec pulse

width) applied for 1, 2, or 4 seconds via an optical isolator and programmable pulse generator

(Iso-Flex/Master-8, AMPI). Stimulation of the MFB was applied 3 times with an interval

between stimulations equal to 5 seconds per every pulse delivered, and the responses were

averaged.

In some animals, the same surgical procedure and stimulation parameters were used to compare

the WINCS-based FPA and the FSCV recordings of MFB stimulation-evoked dopamine

release. As in our companion study showing the utility of WINCS-based FSCV,8 this recording

procedure differs from FPA in that the potential between the CFM and reference/counter

electrode is cycled 10 times per second by using a triangle wave between −0.4 and +1 V, and

then back to −0.4 V, at a speed of 300 V/second. The current recorded during a potential sweep

yields a combination of capacitive and faradic (oxidation/reduction) current. A sufficient

number of potential sweeps are averaged before stimulation to yield a baseline template that

is then subtracted from every subsequent sweep to obtain faradic currents corresponding to the

unique electrochemical signal of dopamine oxidation and reduction (see Fig. 4D inset). Thus,

the heights of the peaks in background-subtracted voltammograms are directly proportional to

the concentration of dopamine that is oxidized and reduced at the CFM surface. The peak

heights of dopamine oxidation, in turn, are displayed with respect to time and, together with

the peak heights of dopamine reduction, graphed in a pseudocolor plot (see Fig. 4D, upper and

lower panel, respectively). These measures provide enhanced selectivity of FSCV compared

with FPA, for recording real-time, chemically resolved changes in dopamine at CFMs in freely

moving animals.18

Adenosine Recordings—A similar procedure to that described above was used to prepare

the rat used for in vivo testing of the WINCS with the adenosine biosensor. Electrical

stimulation was delivered through a scaled-down version of a typical DBS electrode composed

of 4 ring contacts along the electrode shaft (0.28-in diameter; 4 contacts, 0.02-in size; with

0.02-in spacing between contacts). The tips of the stimulating electrodes and sensor probes

were mounted within 0.5 mm of each other on a single stereotactic electrode carrier, with the

biosensor's tip midway between contacts 1 and 2 of the stimulating electrode. The stimulating

electrode was implanted on the border of the VL thalamus at the following coordinates: AP

−2.4, ML +2.2, and DV −6.0 mm from dura mater, and the adenosine sensor was placed more

medially, and thus within the VL thalamus. The reference/counter electrode was placed in

superficial contact with cortical tissue contralateral to the stimulating and recording electrodes.

After achieving a stable baseline signal, monophasic 0.1-msec constant current pulses were

applied for 10-second durations across the DBS electrode contacts 0 (negative) and 3 (positive)
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at various current intensities (0.5–2 mA) and fixed frequency (100 Hz), and at various

frequencies (50–200 Hz) and fixed intensity (1 mA). Calibration before implantation of the

adenosine biosensor with the protocol described above was used to convert oxidation current

recorded in vivo into adenosine concentrations.

Glutamate Recordings—Under the care of a certified veterinarian technician, the pig was

sedated with a combination of 5–6 mg/kg telazole and 2 mg/kg xylazine administered

intraperitoneally prior to intubation. Continuous anesthesia was maintained with 1% isoflurane

(all 3 drugs supplied by the Mayo Clinic Pharmacy) for the rest of the procedure. The pig was

then placed in an in-house built, MR imaging–compatible stereotactic frame,7 followed by

exposure of part of the left motor cortex via a midline scalp incision and craniotomy. A

Medtronic 3389 DBS lead mounted onto a stereotactic electrode holder was used as the

stimulating electrode. The glutamate sensor was secured to the same holder within 0.5 mm of

the stimulating electrode and with its sensing cavity positioned between contacts 1 and 2. The

2 were then lowered vertically until all of the stimulating electrode's contacts were inserted

into the cortex. After achieving a stable baseline signal, monophasic 100-μsec constant current

pulses were applied for 10 seconds at various current intensities (0.5–2 mA, 100 Hz, contact

0 positive and 3 negative). Calibration before implantation of the glutamate biosensor with the

protocol described above was used to convert oxidation current recorded in vivo to glutamate

concentrations.

Results

In Vitro Testing of the WINCS-Based FPA

Analysis of Electromagnetic Interference—As expected, an average current of ∼ 8 nA

was recorded with both the WINCS and the eDAQ system, with an applied fixed potential of

+0.8 V across a 100-MΩ resistor (Fig. 2). The magnitude of the noise envelope recorded with

the WINCS appeared more marked than with the eDAQ system, with an SD of ± 8.3 and ± 2.1

pA, respectively, measured in the first 20 seconds of unperturbed recording. Electrical

interference created by activation of the electrocauterizer (monopolar and biopolar settings) or

the pneumatic drill evoked detectable disturbances in the baseline signal recorded with the

eDAQ system that were difficult to detect in the higher average noise envelope recorded by

the WINCS. Turning the overhead surgical lights on and off had no significant impact on the

baseline FPA signals recorded by either system. However, noise elicited by waving a hand

over the dummy cell generated a significantly greater disturbance in the baseline signal

recorded by the eDAQ system compared with the WINCS. The WINCS has a resolution of 16

bits, and a dynamic range > 1.2 mA is needed to perform FSCV. As a consequence, the smallest

current increment theoretically measurable in the absence of noise is ∼ 19 pA. As a function

of the SD of the recorded baseline signal in this test, the effective resolution of the WINCS

analog-to-digital converter was ∼ 14 bits, allowing current measurements on the order of a

few hundred picoamperes. Although higher resolution is always a desirable feature, the

intrinsic noise levels of the WINCS-based FPA recordings were found to be acceptable to

measure oxidation currents both in vitro and in vivo (see below).

Calibration of CFMs and Enzyme-Linked Biosensors—Both the magnitude and

temporal dynamics of the FPA responses to 5-second bolus applications of 2.5, 5, and 10 μM

dopamine recorded at a single CFM in the flow injection system by the WINCS were

comparable to those recorded by the eDAQ system (Fig. 3A). As shown in Fig. 3B, calibration

curves generated from these data for dopamine concentration versus dopamine oxidation

current were linear for both systems, with a correlation coefficient of > 0.94. In a similar

fashion, linear FPA responses recorded by WINCS were also observed, with stepwise increases

in beaker concentrations of glutamate and adenosine (Fig. 3C and D, respectively).

Agnesi et al. Page 6

J Neurosurg. Author manuscript; available in PMC 2010 October 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



In Vivo FPA Testing of the WINCS

Dopamine Recordings—As shown in a representative animal in Fig. 4A, DBS of the MFB

(60, 120, or 240 pulses at 60 Hz and 900 μA; 4 rats) evoked a rapid increase in striatal dopamine

oxidation current corresponding to stimulus time–locked increases in dopamine release.16 On

cessation of each stimulation, the FPA signal returned rapidly to prestimulus levels as a result

of terminal dopamine reuptake.42,43 Comparable FPA signals were recorded with both the

WINCS and the eDAQ system. Systemic intraperitoneal administration of the selective

dopamine reuptake inhibitor nomifensine (10 mg/kg; 2 rats) increased MFB stimulation–

evoked dopamine oxidation current and delayed recovery to prestimulation baseline levels. A

representative WINCS recording is shown in Fig. 4B. In contrast, combined systemic

intraperitoneal administration of the selective serotonin (fluoxetine) and norepinephrine

(desipramine) reuptake inhibitors (10 mg/kg each; 2 rats) failed to alter the magnitude or

temporal pattern of the FPA signal evoked by MFB stimulation (Fig. 4C).

Further confirmation that WINCS-based FPA selectively recorded striatal dopamine release

evoked by MFB stimulation is shown in Fig. 4D. In a separate rat, application of FSCV with

the WINCS during MFB stimulation (1 second, 60 Hz, 2-msec pulse width) yielded a

background subtracted voltammogram and a pseudocolor plot that corresponded to the unique

electrochemical signature of dopamine (Fig. 4D inset and lower panel, respectively). A plot

of the temporal profile of MFB-evoked dopamine release recorded at the CFM by using FSCV

also corresponded closely to the evoked response recorded with FPA (Fig. 4D, upper panel).

Adenosine Recordings—As recorded using an adenosine biosensor coupled with WINCS-

based FPA, VL thalamic DBS resulted in delayed (20–25 seconds after the beginning of

stimulation) increases in hydrogen peroxide oxidation current corresponding to local increases

in adenosine extracellular concentrations, peaking ∼ 1 minute after cessation of the 10-second

stimulation, with a return to baseline within 2.5–5 minutes (Fig. 5). To explore the relationship

between current intensity and frequency of electrical stimulation and extracellular adenosine

concentration, local changes in adenosine concentration in response to electrical stimulation

of the VL thalamus at various current intensities (0.5–2 mA) and fixed frequency (100 Hz),

and at various frequencies (50–200 Hz) and fixed intensity (1 mA) were tested. As shown in

Fig. 5, adenosine extracellular concentrations increased proportionately with increasing levels

of current intensity or frequency (4 stimulations at varying intensities or frequencies in 1 rat).

Adenosine concentrations were allowed to return to prestimulation baseline levels between

stimulations.

Glutamate Recordings—To mimic monitoring in humans during neurosurgery, an in-

house constructed, MR imaging–compatible stereotactic frame for the pig was used to compare

the WINCS and eDAQ-based FPA recordings of MCS-evoked local glutamate release. Cortical

100-Hz stimulation of the pig motor cortex for 10 seconds at 1 mA was delivered to the

Medtronic 3389 DBS lead across contacts 0 (negative) and 3 (positive). As shown in Fig. 6

upper, cortical stimulation evoked comparable increases in hydrogen peroxide oxidation

currents corresponding to local glutamate release, as recorded using a glutamate biosensor

coupled with the WINCS and the eDAQ system. To explore the relationship between current

intensity of electrical stimulation and extracellular glutamate concentration, local changes in

glutamate concentration in response to electrical stimulation of the motor cortex at various

current intensities (0.5–2 mA) and frequency (100 Hz) were tested with the WINCS. As shown

in Fig. 6 lower, glutamate extracellular concentrations increased proportionately with

increasing levels of current intensity. With respect to the start of stimulation and at current

intensities of 0.5, 1, 1.5, and 2 mA, peak oxidation currents were attained within 20, 30, 40,

and 45 seconds and returned to baseline within 90, 240, 300, and > 360 seconds, respectively.
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Glutamate concentrations were allowed to return to prestimulation baseline levels between

stimulations.

Discussion

In a companion article,8 we described the development of the WINCS for intraoperative

neurochemical monitoring using FSCV in combination with a CFM during functional

neurosurgery. Complementary to this, in the present paper, we report that the WINCS is able

to support real-time FPA to detect extracellular concentrations of dopamine, adenosine, and

glutamate in mammalian brain. In FPA recording mode, the monitoring capabilities of the

WINCS are greatly expanded through detection of nonelectroactive transmitters by using

enzyme-linked biosensors. These results highlight the potential utility of the WINCS to

determine selectively the DBS- or MCS-mediated release of a wide range of neurotransmitters

in real time. In vitro and in vivo proof-of-principle tests demonstrated that the WINCS

compared favorably to a commercially available hardwired system consisting of a potentiostat

(EA161 Picostat) in conjunction with an analog-to-digital signal converter-recorder (e-corder)

run by Chart software. Indeed, the utility of the WINCS for intraoperative use was clearly

demonstrated through its performance in the electromagnetically noisy environment of a

typical neurosurgery operating room, and as demonstrated by its successful use to measure

glutamate during mock neurosurgery in a pig. The WINCS may thus provide a powerful new

technology for intraoperative neurochemical monitoring that is well suited for use during

functional neurosurgery.

Extending the Functionality of the WINCS With FPA

The real-time, in vivo, electrochemical monitoring techniques of FSCV and FPA have had a

great impact on the study of neurotransmission in the living brain. These techniques are well

suited to the laboratory and have enabled the exploration of dynamic changes in

neurotransmitter signaling (release and clearance) as a result of their subsecond temporal

resolution.6,18 Such real-time capabilities overcome one of the major drawbacks of

microdialysis, in which samples are typically acquired over several minutes.5 As we previously

established, the WINCS effectively supports FSCV at a CFM for temporally, spatially, and

chemically resolved monitoring of dopamine release in the living brain.8 However, only

electroactive neurochemicals can be monitored with FSCV. Although this includes the

monoamines dopamine, norepinephrine, and serotonin and their metabolites,26 other important

neurotransmitters such as glutamate remain undetectable. To expand the capabilities of the

WINCS to include these chemical analytes, we combined the front-end circuitry of this system

to include both FSCV and FPA. With FPA, the WINCS can electrochemically monitor such

nonelectroactive neurotransmitters by using enzyme-linked biosensors as the recording

(working) electrode.

At a CFM surface, molecules can be oxidized and reduced when an appropriate potential is

applied. Oxidized molecules relinquish one or more electrons to the recording surface, whereas

reduced molecules gain electrons.6 Currents generated by these faradic reactions are linear

with respect to the concentration of the electroactive molecule(s), and thus correspond to direct

dynamic fluxes in release and reuptake.21 The FPA represents one of the simplest

electrochemical techniques, because the potential applied to the working electrode is held

constant and the current can be monitored rapidly, being collected at a rate of > 10,000 samples/

second. The background current (nonfaradic current) recorded at the electrode surface is

minimal, and thus allows sensitive measurements of electrochemically active molecules. When

enzymes are applied to the recording electrode surface, the interaction of a nonelectroactive

ligand can produce an electrochemically active reporter molecule, such as hydrogen peroxide.

This allows for selective measurement of molecules that are not directly electroactive. Thus,
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when a potential is applied to this type of biosensor, it is the reporter molecule that loses

electrons to the recording surface. This faradic current is then directly proportional to the

analyte concentration. Because many CNS neurotransmitters are not electrochemically active,

FPA in combination with enzyme-linked microelectrodes (Table 1) represents a powerful tool

for rapid and selective neurochemical sampling in mammalian brain (see Dale et al.15 and

Hascup et al.21 for review).

It is important to recognize that we used a biosensor to detect adenosine release (a device that

according to the manufacturer also responds to the adenosine enzymatic products inosine,

hypoxanthine, and xanthine). A strategy to avoid contamination of the FPA signal from these

substances involves simultaneous recordings from a sentinel (self-referencing) sensor that is

made from the same materials as the adenosine sensor, but lacks the enzyme adenosine

deaminase to detect the downstream enzymatic substrates. Simultaneous recordings from an

adenosine and inosine sensor on a single probe array, for example, would provide a higher

degree of selectivity. Similarly, the selectivity of the glutamate biosensor used in the present

study would also benefit from the coapplication of a sentinel probe lacking glutamate oxidase.

In the case of glutamate biosensors, sensors incorporating sentinel probes have been developed

and tested in vivo, and similar multisite electrode designs are being considered for the detection

of adenosine.11,20,21,23,39 Future hardware designs for the WINCS will incorporate recording

inputs for several biosensors, coupled with online direct-current differential amplifiers or

offline digital subtraction of the data to yield highly selective measurements of nonelectroactive

neurotransmitter substances.

Feasibility of Monitoring Neurochemicals During Neurosurgery

There is a growing body of evidence indicating that one important mechanism of action of

DBS is the modulation of neurotransmitter release throughout neuronal networks.29

Intracellular electrode recordings2,31 have shown the presence of both inhibitory and excitatory

postsynaptic potentials as a consequence of HFS mimicking the parameters used in clinical

DBS. However, the role of specific neurotransmitters in this phenomenon and the kinetics of

release are only now beginning to be elucidated. For example, using FPA with the eDAQ

system, we have previously demonstrated that unilateral HFS of the subthalamic nucleus in

anesthetized rats elicits local glutamate release.32 Similarly, increases in glutamate, γ-
aminobutyric acid, and dopamine release in the striatum were seen in both intact and

hemiparkinsonian rats in response to DBS of the subthalamic nucleus.9,30 Furthermore, DBS

of the thalamus has been demonstrated to induce the release of adenosine triphosphate into the

extracellular space, which in turn is rapidly converted to adenosine. It has been

hypothesized4 that DBS-mediated release of adenosine may play a major role in mediating the

therapeutic efficacy of DBS for tremor, given that the ventral intermediate nucleus of the

thalamus is an effective therapeutic target for treatment of essential and parkinsonian tremor.
12,24,41 Additional evidence that adenosine is a key player in DBS-induced tremor control is

based on observations in a mouse model of tremor. Intrathalamic infusions of A1 receptor

agonists directly reduce tremor, with an efficacy comparable to DBS.4

Here, we confirm that electrical stimulation evokes neurotransmitter release, including distal

release of dopamine with MFB stimulation, local release of adenosine in the VL thalamus, and

of glutamate in the motor cortex. In addition, we establish that such neurotransmission can be

wirelessly detected using WINCS-based FPA. Together with other studies demonstrating a

key role for neurotransmitters in the therapeutic mechanism of action of DBS and MCS, this

lays the groundwork for the future application of neurotransmitter sensor technology as an

intraoperative neurosurgical tool and feedback device. Because this technology has not yet

been applied to humans, our present goal is to ensure patient safety and to establish standardized
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protocols for routine, real-time monitoring of neurotransmitters during functional

neurosurgical procedures.

Taking the WINCS to the Operating Room

Extracellular microelectrode recordings are routinely conducted during DBS surgery in

humans.40 However, to our knowledge, no electrochemical recordings have been performed

in humans during this interventional neurosurgical procedure, leaving unanswered the

important question as to which neurotransmitter systems are actually activated during human

DBS and MCS. One key limitation is the lack of an FDA-approved potentiostat to support

these measurements. Several key criteria must be met to develop such instrumentation, the

foremost being patient safety, signal fidelity, and integration with the existing functional

neurosurgical setup. The WINCS patient module—the small, wireless, sterilizable, battery-

powered unit that senses neurotransmitter redox currents— has been designed in compliance

with FDA-recognized consensus standards for medical electrical device safety. The WINCS

is also easily attachable to the stereotactic frame, and transmits data to a remotely located base

station, thus minimizing the crowding of the busy operating room. This lays important

groundwork for future human trials in which the WINCS is used to monitor neurotransmission

in the intraoperative setting.

Conclusions

It is becoming increasingly clear that the neurophysiological effects of DBS at the cellular level

result from alterations in neurotransmission within the thalamocortical basal ganglia circuit.

This in turn highlights the potential efficacy of WINCS intraoperative technology for use in

humans to elucidate the role of DBS in evoking local and distal neurotransmitter release. We

propose that the WINCS be used to support intraoperative neurochemical monitoring during

functional neurosurgery by using both FSCV and FPA. By incorporating FPA, the chemical

repertoire of WINCS-measurable neurotransmitters is expanded to include glutamate and other

nonelectroactive species for which the evolving field of enzyme-linked biosensors exists.

Because many neurotransmitters are not electrochemically active, FPA in combination with

enzyme-linked microelectrodes represents a powerful tool for rapid and selective sampling of

important intraoperative neurochemical targets. It is our hope that the WINCS will ultimately

allow neurosurgeons to know with confidence that a particular implant will be therapeutically

effective in their patients.
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Abbreviations used in this paper

AP anteroposterior

CFM carbon-fiber microelectrode

DBS deep brain stimulation

DV dorsoventral

FPA fixed potential amperometry

FSCV fast-scan cyclic voltammetry

HFS high-frequency stimulation

MCS motor cortex stimulation

MFB medial forebrain bundle

ML mediolateral

PBS phosphate-buffered saline

VL ventrolateral

WINCS Wireless Instantaneous Neurotransmitter Concentration System
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Fig. 1.

Upper: Photograph showing the battery (1); microprocessor (2); Bluetooth chip (3); working

electrode lead (4); and reference/counter electrode lead (5) of the monitoring device. Lower:

Photograph showing the WINCS device encased in its sterilizable polycarbonate case.
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Fig. 2.

Tracings showing a comparison of the WINCS with the eDAQ system for susceptibility to

noise in the operating room environment during FPA. A 100-MΩ dummy cell was connected

to each system, and they were placed on the operating room table within 1 foot of each other.

Hand waving and electrical devices (surgical lights, anesthesia machine, electrocauterizer, and

pneumatic hand drill), turned on (blue bar) and off at various intervals, were applied 1 foot

above the dummy cell. Anesth. = anesthesia; bipol. = bipolar; monop. = monopolar; Surg. =

surgical.
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Fig. 3.

A: Chart showing data obtained after 5-second-long bolus injections of 2.5, 5, and 10 μM

dopamine across a single CFM in the flow cell, measured with the WINCS (red line) and a

hardwired potentiostat system (eDAQ, blue line). B: Plot of dopamine oxidation current versus

dopamine concentrations and linear regression analysis for both FPA recordings made using

the WINCS and the eDAQ system. The perturbations in the amperometric signals occurring

at the start and end of the 5-second bolus injections of dopamine are a result of engaging and

disengaging the electronic valve and do not interfere with the calibration assessments. C: The

WINCS glutamate sensor calibration, oxidation current for three 50-μM glutamate

concentration steps. D: Calibration of adenosine biosensor performed with a single 10-μM

concentration step, as measured with the WINCS.

Agnesi et al. Page 16

J Neurosurg. Author manuscript; available in PMC 2010 October 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 4.

A: Graph showing striatal dopamine release evoked by 1, 2, or 4 seconds of 60-Hz MFB

stimulation (black bars), as measured with the WINCS (red lines) and a hardwired system

(eDAQ, blue lines). B: Graph showing that systemic administration of the dopamine reuptake

inhibitor nomifensine induced an increase and delay in recovery of the evoked signal,

confirming the dopaminergic origin of the measured current. C: Graph showing that systemic

administration of the norepinephrine and serotonin reuptake inhibitors desipramine (Des) and

fluoxetine (Fluox), respectively, failed to increase the amperometric signal, indicating a lack

of interference from these 2 neurotransmitters in the striatum. Graph (D) and pseudocolor plot

(E) showing striatal dopamine release as measured with the WINCS in FSCV mode during 1-

second MFB stimulation. The oxidation and reduction peak potential as shown in the

voltammogram (inset) and pseudocolor plot further indicates that the FSCV signal corresponds

to dopamine oxidation (green spot) and reduction (dark spot) current.
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Fig. 5.

Upper: Graph showing that VL thalamic stimulation (100 Hz, 10-second duration) at different

intensities (0.5–2 mA) evoked progressively larger increases in local extracellular

concentrations of adenosine. Lower: Graph showing that increasing VL thalamic stimulation

frequency from 50 to 100 Hz at 1 mA also evoked progressively larger increases in local

extracellular concentrations of adenosine. Black bars on the lower left side in each panel

represent the duration of stimulation, and vertical lines above these bars are recording artifacts

that occurred during stimulation.
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Fig. 6.

Upper: Graph showing that cortical stimulation (100 Hz at 1 mA for 10 seconds) in the pig

increased local extracellular concentrations of glutamate measured with the WINCS (red

line) and with a hardwired system (eDAQ, blue line). Lower: Graph showing that increasing

the cortical stimulation intensity from 0.5 to 2 mA at 100 Hz evoked progressively larger

increases in local extracellular concentrations of glutamate. Black bars on the lower left side

in each panel represent the duration of stimulation, and vertical lines above these bars are

recording artifacts that occurred during stimulation.

Agnesi et al. Page 19

J Neurosurg. Author manuscript; available in PMC 2010 October 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Agnesi et al. Page 20

TABLE 1

Literature review of FPA-compatible enzyme-linked microelectrodes for selective real-time

monitoring of neurochemicals in mammalian brain*

Analyte Preclinical Applications Molecule

glutamate HFS-evoked glutamate release & clearance in

vivo30
E: glutamate oxidase

glutamate transmission after TBI20 R: hydrogen peroxide

KCl-induced glutamate release in vivo & in

vitro11,39

ketamine-induced glutamate release in freely

moving rats1

prefrontal glutamate release evoked by PCP local

infusions27

alterations in glutamate neurotransmission after

TBI23

GABA detection of exogenous GABA in vivo10 E1: γ-aminobutyric glutamate

transaminase

E2: succinic semialdehyde

dehydrogenase

E3: glutamate oxidase

R: hydrogen peroxide

adenosine release from spinal cord during locomotion in

vivo33
E1: adenosine deaminase

release from brainstem during cardiorespiratory

& defense reflexes in vivo14,19
E2: nucleoside phosphorylase

E3: xanthine oxidase

R: hydrogen peroxide

acetylcholine/choline detection of exogenous choline & endogenous

cholinesterase activity in vivo17,36
E1: acetylcholine esterase

E2: choline oxidase

R: hydrogen peroxide

glucose glucose levels in striatum in freely moving

rats35 & in cortex during sleep/wake cycle38
E: glucose oxidase

effect of anesthesia on glucose levels in vivo34 R: hydrogen peroxide

correlations of EEG/EMG activity with

fluctuations in cortical glucose levels37

*
E = enzyme; EEG = electroencephalography; EMG = electromyography; GABA = γ-aminobutyric acid; PCP = phencyclidine; R = reporter; TBI =

traumatic brain injury.
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