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Wireless Fast-Scan Cyclic Voltammetry to

Monitor Adenosine in Patients With Essential

Tremor During Deep Brain Stimulation
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Essential tremor is often markedly reduced during deep brain stimulation simply by implanting the stimulating
electrode before activating neurostimulation. Referred to as the microthalamotomy effect, the mechanisms of this unex-
pected consequence are thought to be related to microlesioning targeted brain tissue, that is, a microscopic version of
tissue ablation in thalamotomy. An alternate possibility is that implanting the electrode induces immediate neuro-
chemical release. Herein, we report the experiment performing with real-time fast-scan cyclic voltammetry to quantify
neurotransmitter concentrations in human subjects with essential tremor during deep brain stimulation. The results
show that the microthalamotomy effect is accompanied by local neurochemical changes, including adenosine release.
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halamotomy and deep brain stimulation

(DBS) are 2 effective neurosurgical treat-

ments for essential tremor (ET), the most
frequent form of pathologic tremor and one of the
most common adult-onset neurologic impairments. >
Thalamotomy is a surgical ablation technique in
which targeted areas of the thalamus are electrolyt-
ically lesioned. In DBS, neural activity is modulated
through implanted stimulating electrodes that are
activated by an external pulse generator. Surpris-
ingly, during DBS, the act of implanting an electrode
in targeted thalamic brain tissue can reduce tremor
before the pulse generator is activated. Referred to as
the microthalamotomy effect, symptom relief before
neurostimulation has been observed in as many as
53% of patients undergoing DBS.”

The mechanisms of this unexpected conse-
quence are unknown. Microthalmotomy is gener-
ally thought to be a microscopic version of the tissue
ablation. The effect, however, is temporary, usually
lasting 1 to 10 days.”” Its limited duration suggests
that the microthalamotomy effect may be induced
by neurochemical release. By its nature, the impact
of neurochemical diffusion into surrounding tissue
is of limited duration, weakening over time. The fact
that the affected area is microscopic imposes addi-
tional effect limits.

Of note, Bekar et al® found that the local efflux
of adenosine triphosphate and adenosine in mice is
markedly increased with thalamic DBS. They also
demonstrated that intrathalamic infusions of aden-

osine A, receptor agonists ameliorated tremor, im-
plicating a neurochemical influence, specifically ad-
enosinergic mechanisms, in tremor control. Additionally,
adenosine has been reported to hyperpolarize the
membrane potential by an increase in potassium
conductance and decrease hyperpolarization-acti-
vated cation current in guinea pig geniculocortical
neurons.” Based on this converging evidence, we
hypothesized that neurochemical change, particu-
larly adenosine release, is a factor in inducing the
microthalamotomy effect during DBS for ET.

To investigate this possibility, we performed
fast-scan cyclic voltammetry (FSCV) to detect real-
time neurochemical changes in human subjects un-
dergoing DBS. Fast-scan cyclic voltammetry in com-
bination with microsensing probes not only provides
subsecond temporal and submillimeter spatial reso-
lutions but also identifies detected chemicals by
showing faradaic currents at unique potentials.® If
successful, FSCV recordings in humans undergoing
DBS might be considered a means of monitoring
neurochemical changes and could add important in-
formation to understand the therapeutic effects of
this form of neurostimulation and the underlying
pathology of ET.

PATIENTS AND METHODS

The complete details of the methods are described
in the Supplemental Appendix, available online
with the full text of this article at http://www.
mayoclinicproceedings.org. All studies were approved
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by the Mayo Clinic Institutional Review Board, and all
participants provided written informed consent.

Fast-scan cyclic voltammetric recordings were
obtained from 8 adults (3 men and 5 women rang-
ing in age from 62 to 84 years, with a mean age of 72
years) undergoing DBS for intractable ET. Seven pa-
tients were given local anesthesia while a magnetic
resonance imaging (MRI)—compatible stereotactic
head frame was fixed to the patient’s head. One pa-
tient, who was unable to tolerate awake surgery,
underwent the procedure under general anesthesia.
Magnetic resonance imaging was conducted using a
1.5-T MRI clinical system operated by GE Echo-
Speed LX version 9.1 (GE Healthcare, Waukesha,
WI). The MRI data were merged with the Schalten-
brand and Wahren human atlas, and stereotactic
coordinates were identified (Figure 1, A). A micro-
electrode for electrophysiologic recording was im-
planted in a single pass in each patient to identify the
targeted ventral intermediate nucleus of the thala-
mus (VIM) area.

The electrochemical sensing probe consisted
of an in-house designed carbon fiber microelec-

trode (CFM) that was either disk-shaped (3 pa-
tients) or columnar-shaped (5 patients) (Supple-
mental Figure 1, available online at http:/
www.mayoclinicproceedings.org). The CFM was
implanted in a single pass simultaneously with the
electrophysiologic recording electrode and was located
2 mm anterior to it. Once the target area was identified
by the electrophysiologic recording electrode, it was
replaced with the DBS electrode (Figure 1, B).

During the DBS electrode insertion, arm and hand
tremor were measured using an in-house—designed
3-axis accelerometer, which patients held during the
procedure in the hand opposite the implantation
hemisphere. Simultaneously, FSCV recordings were
made from the CFM. Accelerometer recordings were
made for at least 20 and 30 seconds before and after
DBS electrode implantation, respectively (see Table 1).
There were no complications following DBS surgery
and the concurrent electrochemical recording.

Real-time FSCV recordings were performed by
the Wireless Instantaneous Neurotransmitter Con-
centration Sensing system (WINCS) (Figure 1, C and
Supplemental Figure 2, available online at http:/
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FIGURE 1. Intraoperative electrochemical and tremor recordings in patients with essential tremor. A, Preoperative (preop)
magnetic resonance image of the planned deep brain stimulation (DBS) electrode implantation trajectory into ventral intermediate
thalamus (VIM thal), a target for essential tremor. B, Fluoroscopic image confirming the position of the carbon fiber microelectrode
(CFM) (arrow) and DBS lead (arrow). C, Instrument setup for detecting electrochemical signals using Wireless Instantaneous
Neurochemical Sensing system (WINCS) (secured to an electrode microdrive system and attached to the arc of the stereotaxic
head frame). D, A representative tremor recording. Gravity force was measured relatively. E, Normalized tremor amplitude from
awake patients before and after DBS electrode implantation. Averaged tremor recording (mean = SEM in 7 patients) during DBS
showing a 61.29%+33.7% decrease in tremor amplitude on DBS electrode insertion into the VIM of the thalamus (asterisk indicates

a significant difference as determined by paired 2-tailed t test; P<<.05).
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TABLE 1. Changes in the Amplitude and Frequency of Hand Tremor Before and Immediately Following DBS

Electrode Implantation®®

Patient No./

age (y)/sex CFM type Before
|/62/F Disk 0.56=x0.11
2/72/M Disk 0.32%0.05
3/68/M Disk 1.09£0.17
4/84/F Column 0.37%0.14
5/75/F Column NA
6/75/M Column 2.19£0.90
7164/F Column 1.02+0.18
8/74/F Column 2.00%0.26

Tremor amplitude

Tremor frequency (Hz)

After Before After

NA 43 NA
0.19%0.06 5.6 54
0.39+0.04 49 4.0
0.24+0.09 5.5 5.6

NA NA NA
[1.92+1.32 5.1 5.0
Nonvisible 4.1 Nonvisible
0.46=0.16 35 42

*CFM = carbon fiber microelectrode; DBS = deep brain stimulation.

5Numeric values not available (NA) for patient | after the procedure (measurement not quantified) and for patient 5 before and after

the procedure (surgery performed under general anesthesia). In patient 7, tremor was completely arrested by the insertion of the DBS

electrode.

www.mayoclinicproceedings.org),'™'"  which  re-
cords neurochemical changes from the CFM
(Supplemental Figure 1, available online at http://
www.mayoclinicproceedings.org). In preparatory
in vitro studies, an FSCV acquired during the exo-
genic application of adenosine shows 2 distinct oxida-
tion peaks. The oxidation peak currents remained con-
sistent during the bolus injection of adenosine (0.5
uM) (Supplemental Figure 3, available online at
http://www.mayoclinicproceedings.org). The oxi-
dation peak current measured by the CFM was lin-
early correlated with the concentration of adenosine
(Supplemental Figure 3, D, available online at
http://www.mayoclinicproceedings.org).

RESULTS
The microthalamotomy effect for the 7 conscious pa-
tients was observed in reduced tremor amplitude
(61.2%*33.7%; P<.05; Figure 1, D and E). The
mean * SEM tremor frequency was 4.7+0.8 Hz,
which is within a range typical for ET.'*'’ Tremor
frequency was not affected by DBS electrode im-
plantation (3.4*2.4 Hz; P=.12) (Supplemental
Figure 4, A, available online at http:/www.mayo
clinicproceedings.org), nor was it expected, consistent
with previous reports that neither drugs nor sur-
gical interventions alter tremor frequency.'* A
representative handwriting sample before and af-
ter DBS electrode implantation and before neuro-
stimulation demonstrates marked tremor reduc-
tion (Supplemental Figure 4, B, available online at
http://www.mayoclinicproceedings.org).
Implantation of the DBS electrode evoked a
large increase in the FSCV oxidation peak current at
+1.45+0.03 V (Figure 2, A and E), which in 4 of

the 7 awake patients was followed by a second sig-
nificantly smaller oxidation current peak at +1.19+0.06
V (blue arrow in Figure 2, A, B, and C). Postcalibra-
tion of the CFMs using flow cell analyses demon-
strated that these 2 oxidation current peaks
matched those for authentic adenosine (Supple-
mental Figure 5, available online at http://www.
mayoclinicproceedings.org). For the patient who
underwent general anesthesia, 2 significant oxida-
tion current peaks, similar to the peaks obtained in
the conscious patients, appeared at +1.41 and
+1.11 V (Supplemental Figure 6, B and D, available
online at http://www.mayoclinicproceedings.org).
Adenosine release induced by electrode implanta-
tion was verified using an in vitro pharmacological
test in rat brain slices (Supplemental Figure 7, avail-
able online at http://www.mayoclinicproceedings.
org).

Figure 2, E shows the time course of change in the
oxidation current recorded at +1.4 V following DBS
electrode implantation in the VIM in the 7 awake pa-
tients. Postcalibration was performed on 3 of the 7
electrodes (one of the other 4 electrodes was broken
after the surgery, and the background currents of the
remaining 3 became unstable). In accordance with the
postcalibration of the CFMs, the maximal increase in
adenosine at this oxidation peak potential corre-
sponded to an increase of 1.76+0.99 uM (in 3 of the 7
awake patients). The basal level of extracellular aden-
osine has been estimated to be in the range of 20 to 200
nM."” In various pathologic conditions, however, ex-
tracellular adenosine concentrations can increase as
much as 31-fold."®

Following implantation of the DBS electrode,
the increase in the oxidation peak current at +1.4V
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FIGURE 2. Electrochemical changes induced by DBS electrode implantation into the VIM of the
thalamus. A, Pseudocolor plot obtained from an awake patient shows the appearance of oxidation
currents immediately on DBS electrode implantation. Blue arrow highlights a second significantly smaller
oxidation current peak. C = timing of cyclic voltammograms shown in C. B, Pseudocolor plot depicting
the appearance of oxidation currents immediately on electrical stimulation through DBS electrode (130
Hz, 60-usec pulse width, 2 V) (in 4 of 7 awake patients; in the other 3 patients, significant oxidation
currents were not detected). Black arrow highlights significant oxidation current peak at + 1.4 V. Blue
arrow highlights a second significantly smaller oxidation current peak. D = timing of cyclic voltammo-
grams shown in D. C, Representative cyclic voltammogram for the pseudocolor plots shown in A,
highlighting 2 significant oxidation peak currents at + 1.4 and + 1.1 V. The solid black tracing indicates
the current detected by forward-going voltage protocol and the red tracing by reverse-going voltage
protocol. D, Representative cyclic voltammogram obtained during DBS application at black arrow in B,
showing a significant oxidation peak current at +1.4 V but not at + 1.1 V. The solid black tracing indicates
the current detected by forward-going voltage protocol and the red tracing by reverse-going voltage
protocol. E, Averaged oxidation current at + |4 V induced by DBS electrode implantation in which each
current point was normalized to the amplitude of oxidation current detected at 10 seconds after DBS
electrode implantation in 7 awake patients.
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persisted much longer than did the peak at +1.1 V
(Figure 2, A). In addition, during DBS application,
the oxidation peak current was detected only at
+1.4 V (Figure 2, B and D). The apparent lack of a
second peak at +1.1 V across our study patients
could be due to the insensitivity of the CFM or to the
release of other moieties (eg, hydrogen peroxide,
potassium) that oxidize at +1.4 V (Supplemental
Figure 8, available online at http:/www.mayoclinic
proceedings.org).'”” DBS electrode implantation
also induced several other oxidation peaks at +0.8
V and at approximately +0.5 V (Figure 2, A and B).
Further studies are warranted to identify the mole-
cules that may be contributing to these oxidation
peaks. Together, these findings suggest that DBS
electrode implantation in the VIM evokes local re-
lease of adenosine and possibly other biologically
active molecules and ions.

DISCUSSION

In this study, real-time in vivo FSCV neurochemical
recordings in human subjects demonstrated that
implanting a DBS electrode induces adenosine re-
lease concurrent with tremor arrest. It has generally
been accepted that the microthalamotomy effect is
caused by a microscopic version of thalamotomy.
However, our findings suggest that changes in neu-
rochemical concentration may be a contributing fac-
tor and that the transient nature of the microthalamot-
omy effect could be explained in part by the limited
temporal duration of neurochemical release and dif-
fusion into surrounding tissue.

In some cases, the microthalamotomy effect has
been sustained for as long as a year.”* This sustained
effect may be mediated by different mechanisms, such
as a wider area of cell death than is normally encoun-
tered in observations of tremor arrest and reversal be-
fore DBS. Of note, adenosine can also mediate long-
term effects via G protein—coupled receptors through
which adenosine can modulate cellular activities in the
central nervous system.'®'?

All 7 of the awake patients in this study had the
microthalamotomy effect. It is not possible to pre-
dict the effect before insertion of the DBS electrode.
Reports of it occurring in 50% of patients are based
on observations made over several days between
DBS electrode insertion and stimulation onset.” Be-
cause the microthalamotomy effect is known to
weaken over time, it may be that the percentage of
patients with an immediate effect, as found in our
study, is much greater than 50%. In the future, a
comparison of adenosine release in subjects with
and without the microthalamotomy effect would
be of value.

In 3 of our patients, a second oxidation peak was
not detected (Supplemental Figure 4, C-E, available

MAYO CLINIC PROCEEDINGS

online at http//Awww.mayoclinicproceedings.org). In
the other 5 patients, both the first and second
oxidation peaks of adenosine were significant
(Figure 2, A). The in-house columnar CFM was de-
signed to be a more sensitive and reliable probe,
which it has proved to be in this study and others
in our laboratory. In vivo adenosine has been de-
tected by the first oxidation peak,*” but given the
nature of this experiment, we felt it important that
both oxidation peaks reach significance.

It is not possible from this study to infer a
causal relationship between adenosine release
and tremor reduction. As noted earlier, intratha-
lamic infusions of adenosine A, receptor agonists
directly ameliorated harmaline-induced tremor in
a mouse model.” However, Pape’ showed that
exogenic adenosine promotes a burst firing mode
rather than a tonic firing mode in thalamic neurons.
Thalamic neurons set to the burst firing mode will
readily oscillate together and thus increase tremor be-
havior. These contradictory findings suggest that any
conclusions about a causal relationship require further
investigation.

Because this was an attempt to record neuro-
chemical changes that occur with behavioral effects
in patients undergoing DBS, patient safety was our
first priority. Introducing the experimental proce-
dure into the human operating theater imposed
certain limitations, one of which was time. Having
conducted the experiment without adverse ef-
fects, it may be possible in future studies to inves-
tigate the relationship between magnitude and
stability of tremor reduction and adenosine re-
lease over time.

In addition to the implications for the mi-
crothalamotomy effect, the results of our study sug-
gest that the therapeutic effect of DBS itself may be
mediated in part by neurochemical changes. Given
our FSCV results, we propose 3 possible candidate
molecules: adenosine, potassium, and hydrogen
peroxide. The voltammetric signatures of these 3
molecules are similar to those we obtained during
our experiment. There is evidence in the literature
that these 3 molecules directly modulate neuronal
activity. The influence of potassium on neural net-
works has been extensively studied in epilepsy. For
example, Durand et al’""** found that electrical
stimulation induced an increase in extracellular po-
tassium concentrations, which decreased epileptic
activity. It is thus possible that DBS also increases
potassium efflux. Hydrogen peroxide, a well-known
signal molecule in the nervous system, has also been
found to modify neuronal activity.?” These findings,
together with our results, suggest that neurochemi-
cal factors influencing the clinical effects of DBS
warrant further investigation.
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CONCLUSION

This study represents the successful application of
an in vivo real-time wireless electrochemical sensing
system to record changes in extracellular concentra-
tions of biologically important chemicals in the
brains of patients undergoing DBS. Neurochemicals
released on insertion of the DBS electrode included
adenosine and other chemicals yet to be identified.
Future applications of this in vivo chemical record-
ing technique might provide important insights into
the neurobiological mechanisms of ET and help elu-
cidate the therapeutic effects of neuromodulation.
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