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Abstract
Deep Brain Stimulation (DBS) provides therapeutic benefit for several neuropathologies including
Parkinson’s disease (PD), epilepsy, chronic pain, and depression. Despite well established clinical
efficacy, the mechanism(s) of DBS remains poorly understood. In this review we begin by
summarizing the current understanding of the DBS mechanism. Using this knowledge as a
framework, we then explore a specific hypothesis regarding DBS of the subthalamic nucleus
(STN) for the treatment of PD. This hypothesis states that therapeutic benefit is provided, at least
in part, by activation of surviving nigrostriatal dopaminergic neurons, subsequent striatal
dopamine release, and resumption of striatal target cell control by dopamine. While highly
controversial, we present preliminary data that are consistent with specific predications testing this
hypothesis. We additionally propose that developing new technologies, e.g., human electrometer
and closed-loop smart devices, for monitoring dopaminergic neurotransmission during STN DBS
will further advance this treatment approach.
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The neurosurgical approach of Deep Brain Stimulation (DBS) is an established restorative
therapy for Parkinson’s disease (PD) (1,2), tremor (3), and dystonia (4). In addition, DBS
has also been investigated as a viable treatment option for other neurological and psychiatric
disorders such as epilepsy (5–7) chronic pain (8,9), Tourette's syndrome (10), obsessive-
compulsive disorder (11,12), and depression (13–15).

Conventional DBS systems use a high frequency (100–250 Hz) pulse train applied
continuously to a surgically implanted stimulating electrode (16). Optimal clinical benefit of
DBS is by programming the stimulation parameters (e.g., amplitude, frequency, pulse width,
and active electrode contact) post-operatively. This trial-and-error process typically requires
many hours of neurologist and patient time, and is ultimately limited by the placement of the
stimulation electrode, which is fixed at this critical therapeutic juncture. Conventional DBS
also operates in an open-loop mode, which means that the neurologist must occasionally
adjust stimulation parameters to obtain the best therapeutic response in the patient and
parameters are fixed in between adjustments. Simply stated, electrodes are implanted in
what are assumed to be optimal sites within brain nuclei and the stimulator is turned on
without any form of continuous regulatory feedback.

Despite the fact that more than 40,000 people have been implanted with DBS devices, the
DBS neurosurgical approach would benefit from significant improvements. A major
challenge is the incomplete understanding of the central mechanisms of action of DBS,
especially why certain stimulation parameters and stimulation of specific targets are
effective. However, there are now active research programs to understand these central
mechanisms so that future DBS devices and electrode implants can be intelligently
engineered to work in a closed-loop feedback manner. Understanding the mechanisms of
action of DBS would provide the essential framework for the development of next-
generation “smart” DBS devices that significantly improve clinical outcomes for a broad
range of neurological and psychiatric conditions. In theory, novel DBS devices based on
continuous or intermittent monitoring of electrophysiological or neurochemical phenomena
at the site of DBS or distal nuclei could improve targeting of electrode implants, as well as a
means of regulating brain neurotransmitter levels that may be critical to the therapeutic
effectiveness of DBS (17).

Translational research of the mechanisms of DBS directed at developing superior DBS
systems is currently being conducted using state-of-the-art electrophysiological,
neurochemical (amperometry and voltammetry), wireless application-specific integrated
circuits, and functional stereotactic neurosurgical techniques. Success in this research will
likely open a new era in medical diagnosis, intervention, and treatment of neuropsychiatric
disorders by applying a new therapeutic strategy of feedback-loop monitoring and regulation
of human neurotransmitter systems. Here, we review the current state of knowledge on DBS
central mechanisms as it relates to a “dopamine hypothesis” of the actions of DBS in the
subthalamic nucleus (STN) for the treatment of PD, outline potential applications of such
research, and describe our vision of future DBS systems and neurosurgical procedures where
state-of-the-art neurochemical recording techniques may play a key role in their
development.

Hypotheses of DBS Mechanisms for Parkinson’s Disease
Despite acceptance of STN DBS as a therapeutic tool in the treatment of PD, the precise
mechanisms of action are currently unknown. Because the therapeutic effects of DBS are
similar to those of a lesion (i.e., subthalamotomy), DBS has been traditionally thought to
silence pathologically hyperactive neurons at the site of stimulation (depolarization block)
(18–21). However, emerging evidence from a number of basic and clinical studies
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implicates additional mechanisms, besides a [1] silencing hypothesis, that involve [2]
activation of local neuronal terminals that inhibit and/or excite efferent outputs (synaptic
modulation). In turn, this has been postulated to either [3] deplete (synaptic depression) or
[4] enhance (synaptic facilitation) efferent neurotransmission that ultimately normalizes
activity (network jamming or modulation) within structures of the basal ganglia complex
(1,17,22–27).

A number of pre-clinical animal studies have utilized a range of stimulation frequencies
(referred to as High Frequency Stimulation or HFS) with constant voltage or constant
current pulses in an attempt to mimic stimulation parameters typically utilized in human
DBS treatment (17). These pre-clinical in vivo and in vitro studies with mice, rats and non-
human primates have provided important insights into the central mechanisms of action of
this restorative neurosurgical technique. For example, several in vitro electrophysiological
studies support hypothesis 1 of direct inhibition of spontaneous activity in STN cells via
depolarization block of action potential generation. Indeed, these intracellular and
extracellular studies (28,29), including our own (30), have shown that STN neurons fire at
high rates initially in response to HFS but are silenced with continued stimulation. Recent
studies examining an activation-inhibition mechanism however, offer an alternative for this
hypothesis (31,32). In this multicompartment model continuous STN stimulation may
generate efferent output at the stimulus frequency in the axon despite suppression of
spontaneous cell body firing. These investigators argued that cell body firing does not
accurately reflect the efferent output of neurons stimulated with high frequency extracellular
pulses, and that decoupling of somatic and axonal activity may permit modulatory outflow
of information from the site of DBS to, for example, SNc dopaminergic cells in the
midbrain. Suprathreshold stimulation caused suppression of intrinsic spontaneous firing in
the cell body, but generated efferent output locked to the stimulus frequency in its axon.
This independence of cell body and axon firing may resolve the apparent contradictory
results on the effects of HFS of the STN, notably depolarization block (hypothesis 1) versus
local synaptic modulation (hypothesis 2) and synaptic depression and/or facilitation
(hypothesis 3 and 4) of neurotransmitter release at the site of stimulation, and distally at
efferent target nuclei.

While hypotheses 1 has enjoyed popular support, hypothesis 2 and corresponding
hypotheses 3 and 4 have undergone less scrutiny and remain the most controversial of the
possible mechanisms of STN DBS (17). The notion that inactivation of STN neurons by
DBS may not underlie all therapeutic actions of STN DBS leaves open a number of
compelling questions: [1] does the release of excitatory neurotransmitters such as glutamate
locally and in afferent targets in the basal ganglia complex have the ability to activate a
severely compromised nigrostriatal dopaminergic system that leads to functional striatal
dopamine release and [2] if the therapeutic efficacy of DBS is directly correlated to the level
of evoked local glutamate and striatal dopamine release can continuous monitoring of these
neurochemical phenomena serve as feedback to regulate DBS devices for improved
therapeutic efficacy? These questions as they pertain to dopamine release in the basal
ganglia and glutamate release at the site of STN stimulation will be examined here.

The Dopamine Release Hypotheses of DBS
In this section we explore the hypothesis that DBS of the STN contributes to symptom relief
in PD by activation of surviving nigrostriatal dopaminergic neurons, subsequent striatal
dopamine release, and resumption of striatal target cell control by dopamine. The “dopamine
release” hypothesis, as defined here, is clearly controversial. While supporting evidence is
available, most basic and clinical studies are in strong opposition. We contend that some
inconsistencies in the literature may be due to technical difficulties encountered when
measuring striatal dopamine release in animal models of PD and in PD patients. We
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additionally provide preliminary pre-clinical data supporting specific predictions testing the
dopamine release hypothesis. Thus, these studies serve as a starting point to address some of
the critical questions noted above regarding the mechanism of STN DBS. As described in
the next section, these basic studies serve as a framework for the development of next
generation approaches that can detect and modulate neurotransmitter release for more
effective DBS treatment of neurological and psychiatric disorders.

Bilateral STN DBS reverses the three cardinal motor symptoms in PD patients, akinesia,
rigidity, and tremor (33,34), and decreases or eliminates the need for L-DOPA (35,36).
Whether these observations support the dopamine release hypothesis is equivocal. On the
one hand, cardinal symptoms of PD are associated with severe nigrostriatal dopaminergic
denervation (37) and L-DOPA, the primary pharmacological treatment for PD and a
biochemical precursor to dopamine is thought to act by increasing endogenous dopamine
synthesis and release (38–40). On the other hand, STN DBS could be altering neuronal
circuits downstream of striatal dopamine release to provide therapeutic benefit. However,
DBS of the STN is most effective in PD patients who respond well to L-DOPA (41) and
contraindicated for those who do not (42), suggesting that effective DBS requires
endogenous dopamine production. Also consistent with activation of surviving nigrostriatal
dopaminergic neurons are the observations that DBS elicits dyskinesias that resemble those
seen when excess L-DOPA is given (43) and like L-DOPA, contributes to impulsivity, a
behavior thought to be dopamine-mediated (43).

Two major lines of reasoning clearly oppose the dopamine release hypothesis. First, most
basic studies using in vivo microdialysis do not report an increase in striatal dopamine
release during HFS of the STN in intact or 6-hydroxydopamine (6-OHDA)-lesioned rats
(44–47), a widely used animal model of PD in which SNc dopaminergic neurons are
selectively destroyed. In vivo microdialysis is a monitoring technique that uses a relatively
small dialysis probe (typically 0.15 mm o.d. × 1–2 mm length) to sample the concentration
of neurotransmitters in brain extracellular fluid for subsequent chemical analysis ex vivo
using, for example, high performance liquid chromatography with electrochemical
detection. Second, STN DBS does not increase striatal dopamine release in PD patients as
measured by PET imaging (48–50), which assesses brain extracellular dopamine levels
indirectly by measuring the displacement by endogenous dopamine of an exogenously
applied dopamine receptor ligand that has been radio-labeled, such as [11C] raclopride.
However, PET scanning with raclopride has relatively poor temporal resolution and requires
an increase of greater than 90% of basal dopamine levels in order to detect a significant
change in the PET signal (49,51). As well, adaptive changes in dopamine receptor
populations, such as D2 receptor internalization and/or recycling occurring over long-term
STN stimulation, has been suggested to interfere with PET quantification of dopamine
release in these patients (52). Thus, whether STN DBS improves PD symptoms via the
release of dopamine remains an important question that is of paramount importance and the
focus of this review.

Anatomical Basis for the Dopamine Release Hypothesis
The STN occupies a central position in the indirect pathway of the basal ganglia by linking
the external segment of the globus pallidus (GPe) to the two output nuclei, internal segment
of the globus pallidus (GPi) and substantia nigra reticulata (SNr) (53,54) (Fig. 1). The STN
is additionally innervated by the cortex directly, is reciprocally connected to both the GPe
and the pedunculopontine tegmental nucleus (PPT) in the pons, and it projects to the SNc.
Several neurotransmitters are utilized in the basal ganglia circuitry. The STN and PPT are
the only nuclei in the basal ganglia complex whose neurons containing the excitatory
neurotransmitter glutamate directly innervate nigrostriatal dopaminergic neurons (55,56). In
addition to glutamate, the PPT provides the only known excitatory cholinergic projection to
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SNc dopaminergic cells in the SNc (57). The other major neurotransmitter is GABA, which
is inhibitory. The SNr, via GABAergic collaterals, inhibit dopaminergic neurons originating
in the SNc (58,59). Diverse neuropeptides also co-localize with other neurotransmitters in
several basal ganglia neuronal pathways, particularly the GABAergic efferents of the
striatum (60).

DBS of the STN could elicit striatal dopamine release by at least four possible routes. First,
stimulation of the glutamatergic innervations originating from the STN and terminating in
the SNc would activate nigrostriatal dopaminergic neurons directly (61). Second,
stimulation of STN glutamatergic neurons targeting the PPT would activate nigrostriatal
dopaminergic neurons both by the reciprocal excitatory innervation and subsequent
activation of the SNc by STN glutamatergic efferents, and indirectly by activating PPT
cholinergic and glutamatergic inputs to the SNc (62–64). Third, because of the reciprocal
innervation between the STN and GPe, STN stimulation would activate the GPe inhibition
of STN glutamatergic afferents to the SNr, releasing the GABAergic inhibition of the SNr
on the SNc (65–66). Fourth and similarly, GABAergic pathways descending from the
striatum and GPe and traversing near the STN would be activated directly and also relieve
inhibition of the SNc by the SNr (67).

Predictions of the Dopamine Release Hypothesis
The strength of a scientific hypothesis is related to its ability to predict outcomes
successfully. In this regard, the dopamine release hypothesis of STN DBS for the treatment
of PD lends itself to several important predictions that can be tested experimentally and
clinically. While all of these predications may not be definitive, in the sense that if proven
false the hypothesis would be rejected, these predictions if proven true would lend support to
the dopamine release hypothesis. As described next we have recently obtained preliminary
data in experimental animals to test some of these predictions related to STN DBS excitation
of local neurons, activation of dopaminergic neurons in the SNc, and increased striatal
dopamine release. We also will identify technical approaches suitable for testing other
predictions. In the last section of this review, we describe the development of new
technologies to test predictions clinically and to advance the DBS approach for the treatment
of neuropathologies.

Prediction 1. HFS of the STN Elicits Local Glutamate Release
As described above one general mechanism of DBS is activation of local neuronal terminals
that inhibit and/or excite efferent outputs (synaptic modulation). This mechanism is critical
to the dopamine release hypothesis if chemical activation of STN efferents is the first step
by which STN DBS ultimately increases striatal dopamine release. Recall from Fig. 1 that
activation of STN excitatory efferents would stimulate nigrostriatal dopaminergic neurons
by various pathways involving the GPe, PPT, and SNr, and the neurotransmitters glutamate,
acetylcholine, and GABA. While disparate results have been reported (e.g., 29), work from
several groups including our own have demonstrated that alteration of STN neuronal activity
in rat brain slices by HFS of the STN is mediated by neurotransmitter release, because these
effects are blocked by receptor antagonists for GABA and glutamate (68–69). The local
release of glutamate by HFS of the STN, which would then chemically excite STN afferents,
is therefore an important prediction for the dopamine release hypothesis.

We tested the local glutamate release prediction using a biosensor approach in vivo.
Glutamate is not electroactive, which means that this neurotransmitter cannot be monitored
directly by electrochemical techniques. Rather, a “biological recognition element” in the
form of glutamate oxidase is first used to act on glutamate and generate an electroactive
product, hydrogen peroxide, which is measured electrochemically by the sensor using the
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technique of amperometry. Co-implanting an enzyme-linked biosensor for glutamate
adjacent to a stimulating electrode in the STN of an anesthetized rat resulted in local
glutamate release that was reproducible and dependent on stimulus duration, current
intensity, and frequency (70) (Fig. 2). Taken together, these results strongly suggest that
local glutamate release, and subsequent excitation of STN neuronal efferents, is potentially
a key initial mechanism by which STN DBS ultimately increases striatal dopamine release.

A similar approach was used to establish local glutamate release from the ferret brain slice.
Although circuits are not intact as in vivo, the in vitro preparation enjoys several
experimental advantages, including fine manipulation of the extracellular milieu (71). In
preliminary studies we exploited this feature to investigate the cellular source of glutamate
release elicited by HFS of the STN. Interestingly, HFS-induced glutamate release was
unchanged in the presence of the Na+ channel blocker, tetrodotoxin, but was eliminated with
the vesicular H+-ATPase inhibitor, bafilomycin A1, and the calcium chelator, BAPTA-AM
(data not shown). These early results suggest that glutamate release is derived from some
non-neuronal, but exocytotic origin (i.e., calcium-dependent vesicular release). The source
of this glutamate is likely from glia, which constitute the majority of cells in the brain. To
date, research has generally ignored the effects of DBS on glia, with the prevailing point of
view that DBS only affects neuronal populations to achieve clinical benefits.

Using the same type of biosensor applied in vivo (see Fig. 2) and in our brain slice
preparation, additional preliminary studies examined HFS evoked glutamate release in non-
neuronal cultures of primary astrocytes, a pure source of glia (72). Indeed, electrical
stimulation was able to evoke glutamate release that was quantitatively similar to glutamate
release from these two preparations. Moreover, HFS also evoked intracellular calcium
transients in these cultured astrocytes, as determined by the calcium dye (Fluo-4) and an
imaging system (2-photon confocal microscopy), and blocking these transients with
application of BAPTA-AM additionally inhibited glutamate release (73). Together, these
results suggest that vesicular release of glutamate from astrocytes represents an important
cellular mechanism by which STN DBS is able to alter neuronal activity at the site of
stimulation.

Prediction 2. HFS of the STN Elicits EPSPs and Action Potentials in Nigrostriatal
Dopaminergic Neurons

A second important prediction of the dopamine release hypothesis is that STN DBS
activates dopaminergic neurons in the SNc. Fortunately, there is ample experimental
evidence to test this key prediction, as in vivo studies in anesthetized rats clearly
demonstrate that HFS of the STN results in increased firing of SNc neurons recorded either
extracellularly (74–76) or intracellularly (77). This prediction can also be tested in vitro,
because a parasagittal slice of the brain can be sectioned that includes intact connections
between the STN and SNc. Using intracellular recording technique and the parasagittal slice,
we have recently reported that HFS of the STN elicited EPSPs in SNc dopaminergic neurons
resulting in action potential generation (Fig. 3 A–B) (69). These studies indicate that HFS
does not lead to depletion of glutamate in glutamatergic terminals within the SNc
(hypothesis 3 synaptic depression), rather that sustained STN stimulation can enhance
nigrostriatal dopaminergic cell activity. Additional work using a similar approach has
demonstrated that this STN evoked intracellular activity in SNc dopaminergic neurons is
blocked by the glutamate receptor antagonist, 6-cyano-7-nitroquinoxalene-2,3-dione (67).
Thus, these electrophysiological findings suggest that increased firing of STN neurons
evoked by STN DBS could result in terminal release of an excitatory neurotransmitter onto
dopaminergic cell bodies in the SNc and subsequent neuronal activation.
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Prediction 3. HFS of the STN Elicits Striatal Dopamine Release
Although an increased firing rate of dopaminergic neurons in the SNc elicited by STN DBS
is consistent with the dopamine release hypothesis, actual measurements of striatal
dopamine release during HFS of the STN in animals, and in particular human DBS, are
required to test this hypothesis more completely. In fact, there are dissociations reported
between dopaminergic neuron firing rate and dopamine release (78), which prevents a direct
extrapolation between the two processes. Also, if STN DBS does indeed elicit striatal
dopamine release, it is critical to determine how much dopamine is released, where in the
striatum this release occurs, and its pattern of release, in order to fully appreciate the
contribution of the dopamine release hypothesis to the mechanism of STN DBS.

As mentioned earlier, most previous attempts at determining dopamine release during HFS
of the STN used the technique of microdialysis. To test the prediction that STN DBS elicits
striatal dopamine release, we used another general monitoring approach called in vivo
voltammetry to measure extracellular dopamine levels. A voltammetric microsensor is
similar to the glutamate enzyme-linked biosensor used to establish local glutamate release
during HFS of the STN above, except that, unlike glutamate, dopamine is directly
electroactive. Consequently, no biological recognition element is needed to detect dopamine
electrochemically. Voltammetry enjoys several analytical advantages over microdialysis
including fast measurements (subsecond versus minutes) at a smaller probe (microns versus
hundreds of microns), although microdialysis is considered to exhibit better sensitivity and
selectivity.

Two types of voltammetry are described here (Fig. 4). The first type, amperometry, was also
used in conjunction with glutamate oxidase to create the glutamate biosensor. In
amperometry, the potential of the sensor is fixed at a level sufficient to oxidize (remove
electrons from) the analyte (i.e., an electroactive compound such as dopamine). Because of
this simple measurement scheme, amperometry is noted for its fast temporal resolution
(even down to microseconds) and kinetically pure recordings. The second type, fast-scan
cyclic voltammetry, involves scanning the potential to a level sufficient for oxidation and
reversing the direction of the scan to return to the baseline potential, which then may cause
reduction. Though more technically involved, exhibiting poorer temporal resolution, and
more prone to kinetic distortion and ionic artifacts compared to amperometry, fast-scan
cyclic voltammetry enjoys the key analytical attribute of determining a chemical signature in
the form of a voltammogram to identify the species detected. The voltammogram is a plot of
the oxidation and reduction current as a function of an applied voltage. As described below,
we have made use of the advantages of both amperometry and fast-scan cyclic voltammetry
to test the prediction that HFS of the STN elicits striatal dopamine release.

Our first test of the prediction that HFS of the STN elicits striatal dopamine release used
amperometry in the anesthetized intact rat to compare the effects of medial forebrain bundle
(MFB) and STN stimulation (30). Dopaminergic fibers originating in the SNc ascend via the
MFB before terminating in the striatum. As shown in Fig. 5 A, stimulation of either the
MFB or STN increased striatal dopamine release coincident with the applied pulse train.
However, both the magnitude and the dynamics of dopamine release varied according to the
region of stimulation. The magnitude of dopamine release was substantially higher with
MFB than STN stimulation, by about 11 fold. HFS of the MFB also elicited dopamine
release that increased to a plateau followed by a gradual decline. In marked contrast, STN
stimulation caused an immediate transient increase that gave way to a low-level steady-state
response. Different dynamics suggest different mechanisms underlying dopamine release,
for example, direct axonal activation followed by fatigue with MFB stimulation and
monosynaptic activation followed by postsynaptic receptor desensitization with STN
stimulation (30). Nevertheless, these preliminary results strongly suggest that STN DBS is
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capable of activating nigrostriatal dopaminergic neurons sufficiently to elicit measurable
dopamine release in the striatum as quantified by voltammetry.

While studies in the intact rat are promising, it is imperative to establish striatal dopamine
release evoked by HFS of the STN in the dopamine-depleted brain mimicking PD. For these
studies, we used fast-scan cyclic voltammetry in the anesthetized rat lesioned by 6-OHDA.
Fast-scan cyclic voltammetry was deemed critical for these measurements, because the
voltammogram is necessary for identifying dopamine from the small signals expected in the
denervated striatum. The 6-OHDA-depleting procedure denervated dopaminergic terminals
in the medial aspect of the striatum to a greater degree than the lateral aspect, providing a
single animal with differential lesion degrees (79,80).

As shown in Fig. 5 B, stimulation of the substantia nigra (SN) elicited greater increases in
dopamine release in the medial versus lateral striatum, which was consistent with the
different denervation levels, approximately 50 and 70%, respectively, in these two striatal
regions. While 50% denervation would represent the preclinical phase of PD, the 70% level
is more consistent with the beginning of symptomatic PD. More importantly, STN
stimulation elicited dopamine release in both the medial and lateral striatum to similar levels
(Fig. 5 C), where all signals evoked by SN and STN stimulation were identified as dopamine
by their voltammograms (INSETS, I vs E). These results not only suggest that STN
stimulation elicits measurable dopamine release in the dopamine-depleted striatum
resembling PD, but that this release is also disproportionately higher than expected based
on denervation degree.

To our knowledge, the recordings shown in Fig. 5 C are the first demonstrating that striatal
dopamine release can be measured during HFS of the STN in a parkinsonian-like brain.
Most microdialysis studies have not been able to detect dopamine release evoked by HFS of
the STN in either the intact or 6-OHDA-lesioned striatum (45–47), with Bruet et al., (44) as
one exception. In this study, measurements in 6-OHDA-lesioned rats were collected in the
striatum in the location between the denervated lateral region (∼80%) and the non-
denervated medial region, suggesting that the actual lesion degree in the sampled tissue was
more reflective of the preclinical phase of PD.

The difficulty microdialysis has with detecting striatal dopamine release during HFS of the
STN may be due to large probe size (∼300 µm o.d. in the cited studies). The relatively large
size of microdialysis probes typically used in these analyses have been shown to disrupt
tissue in the immediate vicinity of the probe leading to an increase in non-exocytotic
dopamine release, indicative of significant neuronal damage (81,82). Indeed, a voltammetric
microsensor (∼10 µm diameter) positioned immediately adjacent to the dialysis probe is
unable to detect MFB-stimulated dopamine release in the striatum, yet another sensor
positioned at a distance of 1 mm away concurrently measured ∼10 µM dopamine (83).
Several microdialysis studies have also shown an increase in c-fos expression only in a zone
of striatal tissue within 600 µm from the surface of the implanted dialysis probe following
monoamine oxidase or dopamine reuptake inhibition, suggesting an altered function of
dopamine terminals related to the presence of the dialysis probe in tissue (84,85). These
studies suggest that dialysis probe implantation results in changes in the reactivity of the
implanted region of tissue that alters responsivity to dopaminergic agents, as well as under-
estimations of extracellular dopamine levels compared to voltammetry (83,86,87). In
contrast, ultra-structural analysis of brain tissue surrounding a carbon-fiber microelectrode
utilized in voltammetry reveal evidence of only minor tissue reactions within 6.5 µm radius
of the surface of the fiber (88). Altogether, these results suggest that the voltammetric
microsensor approach may be more suitable for characterizing striatal dopamine during
STN DBS than the technique of microdialysis.
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Studies in the rat provide strong support for the hypothesis that STN DBS evokes striatal
dopamine release. However, it was important to demonstrate a similar phenomenon in a
brain more resembling the human, such as the non-human primate. As shown in Fig. 6, we
have obtained preliminary data describing striatal dopamine release in response to HFS of
the STN in the awake intact adult male rhesus monkeys (macaca mulatta) (17). These
measurements, collected by amperometry with a micro-carbon sensor placed stereotactically
into the caudate nucleus (striatum), establish reproducible striatal dopamine release with
STN stimulation that is sensitive to current intensity and train duration. Moreover, a pattern
of dopamine release similar to the rat was observed during continuous HFS of the STN (i.e.,
transient peak followed by a sustained steady-state response). In combination with rat
studies, these non-human primate measurements suggest that STN DBS as used in PD
patients may derive its benefit by a mechanism involving DBS-evoked release of striatal
dopamine.

Prediction 4. Striatal Dopamine Release Elicited by HFS of the STN is Functionally
Relevant

Demonstrating striatal dopamine release with HFS of the STN is an important milestone, but
establishing whether this released dopamine is functionally relevant in the striatum is
requisite for more fully realizing the dopamine release hypothesis of DBS. Here we describe
an experimental approach called quasi-simultaneous voltammetry and electrophysiology that
can be used to test this prediction directly and elegantly. We also present preliminary data
consistent with the notion that electrically evoked dopamine release in the parkinsonian-like
rat striatum is sufficient to alter postsynaptic target cell activity.

The technique of quasi-simultaneous voltammetry and electrophysiology (89) is
conceptually described in Fig. 7 A. By switching the microsensor between electrical circuits
for fast-scan cyclic voltammetry and extracellular electrophysiology on a sub-second time
scale, it is possible to record dopamine levels and the single-unit target-cell response to these
neurotransmitter levels in the “same” space and time domains. We have recently
demonstrated that dopamine release in the rat striatum denervated to mimic the symptomatic
phase of PD (>80%) is not only capable of inhibiting spontaneous target cell activity, it is
also more effective than dopamine released in the intact striatum (Fig. 7 B). It is important
to note, that although electrically evoked dopamine levels are markedly lower in the
denervated striatum as expected, a similar (∼55%) inhibition is produced. The enhanced
responsivity of striatal cells to dopamine following degeneration of nigrostriatal
dopaminergic neurons is well known as denervation supersensitivity (90,91). These post-
synaptic compensatory adaptations in striatal cell sensitivity to dopamine would be predicted
to enhance the functional efficacy of dopamine released in the striatum by STN DBS for the
treatment of PD. Taken together, these results suggest that surviving nigrostriatal
dopaminergic neurons are capable of generating functionally relevant dopamine levels in
the striatum even when denervation is reminiscent of PD and that this released dopamine is
highly efficacious at regulating target cell activity.

Prediction 5. HFS of the STN Elicits Striatal Dopamine Release by Direct Activation of
Dopaminergic Fibers

As part of our preliminary study using amperometry to record dopamine release during HFS
of the STN in the intact rat (Fig. 8) we also performed post mortem histological analysis of
the brain for tyrosine hydroxylase, the rate limiting enzyme for dopamine production. This
procedure revealed dopaminergic fibers coursing along the dorsal edge of the STN (30) and
suggested yet another mechanism by which STN DBS may elicit striatal dopamine release,
direct activation of dopaminergic axons. As shown in Fig. 8 A–B, we have tested this new
prediction in the awake monkey preparation. Using amperometry to record dopamine release
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in the dorsomedial tail of the caudate nucleus, pulse trains were applied to a stimulating
electrode at various locations along a dorsoventral trajectory aimed towards that STN. The
stimulation electrode path, traversing dopaminergic axons just dorsal to this region and
between the ventral thalamus and zona incerta, is shown in the tyrosine hydroxylase-stained
micrograph Fig. 8 C. Interestingly, not only was striatal dopamine release observed with
STN stimulation, but also when the stimulating electrode was positioned in the ventral
thalamus and zona incerta. In fact, the greatest dopamine release was observed with zona
incerta stimulation, in the immediate vicinity of ascending dopaminergic fibers.

Interestingly, in some PD patients the best symptom improvement has been reported to
result from placement of the active electrode within white matter dorsal to the STN (92,93),
including the dorsolateral border of the STN (94). Thus, it is reasonable to consider the
possibility that dopaminergic fibers are directly activated during DBS and that this
activation contributes to symptom relief. These clinical data suggest that striatal release of
dopamine elicited by stimulating dopaminergic fibers just dorsal to the STN potentially has
great implications for the DBS approach and treatment of PD, and possibly for other
neuropsychiatric disorders. It is intriguing to consider the possibility that even in STN DBS
locations that provide benefit to PD patients, improved outcomes may be provided by subtle
changes in electrode location. For example, positioning the stimulating electrode within the
zona incerta and dorsal STN, rather than ventral STN, which collectively elicit a greater
degree of dopamine release in the primate caudate nucleus, may provide an enhancement of
therapeutic benefits as well. Thus, as we discuss in the next section, measuring dopamine
release intraoperatively during DBS surgery could provide a new procedure to guide
electrode placement very precisely to improve symptom relief.

Prediction 6. Striatal Dopamine Release Elicited by HFS of the STN Reverses Behavioral
Deficits

The ultimate prediction for the dopamine release hypothesis of DBS in animal studies is that
striatal dopamine release elicited by HFS of the STN reverses behavioral deficits caused by
the loss of nigrostriatal dopaminergic neurons. Several studies have now established that
HFS is effective at ameliorating behavioral deficits in the 6-OHDA-lesioned rat, as indexed
by assessments such as treadmill location, limb use asymmetry, reaction time, and
sensorimotor integration (for review, see 95). However, to the best of our knowledge,
concomitant measurements of dopamine release and behavior during HFS of the STN are
not available. Therefore, there is a great need to test the prediction that striatal dopamine
release elicited by HFS of the STN is correlated with a reversal of behavioral deficits using a
combined dopamine measurement-behavior approach. While these pre-clinical studies have
yet to be performed, we describe here a technical approach that should be well suited for
testing this prediction.

As shown in Fig. 9 B, using a technique coupling fast-scan cyclic voltammetry with
electrical stimulation in the awake 6-OHDA-lesioned rat elicited quantifiable dopamine
release in the striatum. The voltammogram (Fig. 9 A, red line) clearly indicates that the
evoked signal measured in the striatum denervated to ∼60% arises from dopamine.
Incidentally, the stimulation parameters eliciting dopamine release are behaviorally relevant,
as rats will work (lever press) to obtain these trains in the classic paradigm of intracranial
self-stimulation (78,89,96–98).

As shown in Fig. 9 D, this in vivo electrochemical technique also permits the quantification
of spontaneous non-electrically mediated changes in dopamine release. In this case,
spontaneous dopamine release was augmented by administration of the cannabinoid CB1
agonist WIN55,212-2 known to increase phasic activity of dopaminergic neurons (99).
These rapid concentration spikes, termed spontaneous “dopamine transients”, are the
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terminal field manifestation of synchronized burst firing in dopaminergic cell bodies. Phasic
dopaminergic signaling is thought to respond to primary rewards and the cues that predict
these rewards (100–102). Each dopamine transient is characterized by a dopamine
voltammogram, whose peak response is shown by the sequential plotting of voltammograms
in the pseudo-color graph above the recording (Fig. 9 C, yellow and white arrows and
purple-blue features) and the single voltammogram shown in Fig. 9 A (blue line). Thus, the
capability to monitor electrically evoked dopamine levels and dopamine transients in the
awake parkinsonian rat model bodes well for future studies directly testing the prediction
that striatal dopamine release elicited by STN DBS reverses behavioral motoric deficits.

Overall, these preliminary data obtained from electrophysiological and neurochemical
studies in experimental animals support the hypothesis that activation of surviving
nigrostriatal dopaminergic neurons, subsequent striatal dopamine release, and resumption of
striatal target cell control by dopamine, contribute to the therapeutic benefit of STN DBS for
the treatment of PD. In terms of future animal studies, several important issues remain to be
resolved. One critical issue is identifying suitable stimulation parameters and stimulating
electrode designs consistent with DBS in humans. The criterion of highest priority is the
demonstration of the reversal of behavioral deficits in the animal model of PD under study
(95). Once established, this stimulation procedure, together with analysis of glutamate
release at the site of stimulation, can be used to test the predictions that neurotransmitter
release elicited by STN DBS is functionally relevant and reverses behavioral deficits. Our
data also suggest that the techniques of amperometry in the intact awake non-human primate
and quasi-simultaneous fast-scan cyclic voltammetry and electrophysiology in the
parkinsonian rat are well suited for testing these predictions.

Future Directions: The Next Generation of DBS Systems
Although studies using animal models have proven to be invaluable for characterizing DBS
mechanism and will continue to play an important role in future studies assessing this
mechanism further, for clinicians and patients the eventual focus must be the human
application and ultimately, increased therapeutic benefit. In this section we describe new
technological innovations that will not only permit examination of the dopamine release
hypothesis of STN DBS in humans, but will also advance the DBS approach to improve
efficacy for the treatment of PD and other neuropathologies for which this neurosurgical
procedure is prescribed. Our neurochemical recordings (Fig. 5 and 8) collected in the
primate and rat brain indicate that striatal dopamine release is highly sensitive to placement
of the stimulating electrode along a dorsoventral trajectory aimed at the STN and glutamate
at the site of stimulation may contribute to this outcome. Assuming that striatal dopamine
and local glutamate release contributes to the therapeutic benefit of STN DBS, then
concurrent dopamine and glutamate measurements could be used to guide optimal
placement of the stimulating electrode during surgery. To realize electrochemical recordings
as an adjunct in the DBS surgical procedure, technological innovation is needed on two
fronts. First, to the best of our knowledge, no FDA-approved potentiostat (electrometer), the
instrument controlling neurochemical (voltammetric and amperometric) measurements of
dopamine and glutamate, is available. Second, a suitable FDA-approved dopamine/
glutamate sensor would also need to be identified or developed.

To address the potentiostat issue, we are developing a novel instrument we have dubbed
Wireless Instantaneous Neurotransmitter Concentration Sensor (WINCS) to support
electrochemical dopamine and glutamate measurements during STN DBS surgery (Fig. 11).
Based on technology for fast-scan cyclic voltammetry applied to experimental animals
(103,104), the battery-powered WINCS patient module comprises three major elements:
analog front-end circuitry to impose the desired sensor potential and to convert sensor
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current to voltage; a microcontroller to produce the applied voltammetric waveform (or
constant amperometric potential) and to perform analog-to-digital conversion of the
Faradaic sensor current; and a Bluetooth® radio to transmit the data wirelessly to a base
station receiver. The base station can be located some distance away, at any convenient
location in the operating room. In addition to recording the raw data, the base station can
display various representations of the amperometric or voltammetric data in near real time.
The WINCS patient module is packaged in a small, sterilizable enclosure that can be
unobtrusively mounted on the microdrive that controls the depth positioning of the electrode
during surgery. WINCS has been designed with patient safety in mind. The battery’s low
terminal voltage (∼3.7 V) is within the range of DBS stimulation. Battery power and
wireless data communication together afford isolation from extraneous fault currents. Once
positioned by coordinates obtained typically by intra-operative magnetic resonance imaging
(MRI), WINCS could fine-tune the final placement of the stimulation electrode guided by
optimal neurotransmitter release. Thus, speed and accuracy would be improved by this
innovative approach.

We have also begun to address the issue of a suitable sensor/stimulator to support
neurotransmitter measurements and electrical stimulation during STN DBS surgery. A
straightforward approach is a side-by-side neurochemical probe and conventional DBS
electrode configuration for initial short-term, intraoperative monitoring. This is a similar
approach we have used to monitor local electrophysiological activity evoked by DBS during
implantation of the stimulating electrode in patients (105). Eventual long-term post-
operative recordings are a goal as well. One such strategy under consideration, a
multifunctional neuromodulation-neuromonitoring electrode array, is illustrated in Fig. 11
A–C. At the distal end are alternative sites for electrical stimulation and glutamate
biosensing, using the enzyme-linked detection scheme described previously. Dopamine
recording sites, based on fast-scan cyclic voltammetry, are located more proximally. Other
configurations are possible, including substitution of electrophysiological recording sites as
well as incorporating the quasi-simultaneous voltammetry and electrophysiology dual
sensing scheme at single recording sites.

The multifunctional probe architecture shown described in Fig. 11 A–C was designed to
exploit the neuroanatomical trajectory shown in Fig. 11 D, with glutamate recording and
electrical stimulation in the STN and dopamine recording dorsally in the caudate nucleus
along the shaft of a single probe. The probe will also be compatible with WINCS, as
amperometry will be supported in addition to fast-scan cyclic voltammetry. Future WINCS
models are planned to incorporate electrophysiology and combined electrical and chemical
measurements at a single recording site, realizing the full potential of the multifunctional
probe. Merging multifunctional probe and WINCS technologies will support directed
placement of the stimulating electrode during DBS surgery and afford the opportunity to test
several predictions of the dopamine/glutamate release hypothesis in one individual
simultaneously, including correlating DBS-evoked dopamine/glutamate levels with
symptom relief. Thus, engineering of human-compatible monitoring instruments and probes
represents an essential starting point in the effort to establish the potential use of resultant
neurochemical readings as a means of improving clinical outcomes of DBS.

Closed-loop Smart DBS Devices
Intraoperative and post-operative neurochemical monitoring is projected to advance the
DBS approach by neurochemical feedback guidance of surgical placement of the stimulating
electrode and by providing the technical approaches for testing critical predictions of the
neurotransmitter release (synaptic modulation) hypothesis of STN DBS. Implementation
should be relatively straightforward, as existing methodologies, established in other research
areas, are applied to DBS in humans. A more long-term goal is developing radically new
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technology and approaches to advance DBS on other fronts. One such strategy is a closed-
loop smart device supporting all-in- one neuromonitoring and neuromodulation. The
instrument rationale is built around neurochemical sensing feedback to maintain
neurotransmitters at optimal levels for therapeutic efficacy. Conceivably, a neuroprosthesis
supporting instantaneous chemical sensing, feedback, and response (to stimulation) is
superior to drug treatments such as L-DOPA that entail onset and offset effects.

As shown in Fig. 12, we have initiated work towards the ultimate realization of a closed-
loop smart DBS device. One critical component is an ultra-small, low-power integrated
circuit supporting wireless neurochemical monitoring. By using very-large-scale-integration
(VLSI) techniques in standard complementary-metal-oxide-semiconductor (CMOS)
technology, we have been able to fabricate a wireless device, with dimensions of 2.2 mm ×
2.2 mm, supporting single-channel fast-scan cyclic voltammetry. This device compared
favorably to a conventional hardwired system in calibration tests in vitro and for measuring
MFB-evoked dopamine release in the anesthetized rat (106).

CONCLUSION
As our understanding of the DBS mechanisms of action continues to expand, it is likely that
such advances will enable advances in the DBS approach by supporting improvements in the
surgical technique and the development of next-generation “smart” DBS devices. The hope
of significant improvements will also result in broadening the range of neurological and
psychiatric conditions that can be treated by DBS. Whether next-generation “smart” DBS
devices will utilize continuous neurochemical sensing feedback to regulate brain
neurotransmitter levels is unknown, but such technologies will undoubtedly have a profound
impact on both basic and clinical neuroscience. In addition, advances in integrated circuit
design and fabrication will undoubtedly enable the development of ultra-small-scale DBS
systems incorporating both conventional stimulus pulse generation and novel in vivo
monitoring of neurochemical activity during intra- and post-operation periods.
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FIGURE 1.
Neurochemical interconnectivity within the basal ganglia complex. STN, subthalamic
nucleus; SNc and SNr, substantia nigra compacta and reticulata, respectively; PPT,
pedunculopontine nucleus; GPe and GPi, globus pallidus external and internal, respectively.
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FIGURE 2.
Positioning of a glutamate sensor adjacent to a bipolar stimulating electrode in the
subthalamic nucleus (STN) (A) permitted glutamate release to be recorded at the site of
stimulation in response to different durations (B), current intensities (C), and frequencies
(D) of electrical stimulation in the STN of anesthetized rats. Modified from ref. (70).
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FIGURE 3.
Electrical stimulation of the subthalamic nucleus (STN) in rat brain slices results in
excitatory postsynaptic potentials (EPSPs) and action potential generation (black boxes) in
putative dopaminergic neurons in the substantia nigra pars compacta (A). Blow up from A
of a portion of the stimulated response (dashed lines) (B). Modified from ref. (69).
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FIGURE 4.
Glutamate recording electrode (A) utilizing an enzyme (glutamate oxidase) bound to an
anion exchange resin (Nafion) that in turn is bound to a platinum/iridium (Pt/Ir) surface.
Peroxide (H2O2) formed by the conversion of endogenous glutamate to α-ketoglutarate is
oxidized at the Pt/Ir surface resulting in water as a byproduct and recorded oxidation current
(−2e-). In (B) a triangular wave potential (V) is applied to a carbon-fiber electrode that
results in a voltammogram (blue line) of the oxidation (ox) of dopamine (DA) and
subsequent reduction (rd) of the electroformed dopamine-ortho-quinone (DOQ) back to
dopamine during the negative scan. A plot of the oxidation current peaks of these
voltammograms during electrical stimulation of dopaminergic fibers yields a temporal plot
of stimulation evoked dopamine release (red dots). These voltammetric peaks when plotted
sequentially (C) with applied potential and current intensity form a pseudo-color plot (x
axis: time, y axis: potential, z axis: current) establishing dopamine as the source of the
signal.
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FIGURE 5.
Continuous high frequency stimulation (HFS) of the subthalamic nucleus (STN) evoked a
transient release of dopamine in the dorsomedial striatum that peaked within 20 applied
pulses at 50 Hz (A, gray line), as compared to an 11-fold greater and more sustained
dopamine release to stimulation of dopaminergic axons dorsal to the STN (A, black line;
note the right y-axis is 10 × greater than the left y-axis). Despite a 50% (B) to 70% (C) loss
in striatal dopamine, HFS of the substantia nigra (SN) or STN (black and gray lines,
respectively) evoked reliable and quantifiable release of striatal dopamine in an awake
parkinsonian rat model. (A) modified from ref. (30).
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FIGURE 6.
Subthalamic nucleus (STN) stimulation (20 pulses; 200 Hz) in awake monkey evoked
striatal dopamine release over a range of current intensities (A), and in response to brief and
continuous STN stimulation (B). Black lines in A and black and gray lines in B correspond
to mean evoked responses (n=4–6) with light gray lines in A and thin black lines in E the
S.E.M. for each stimulation. Inset (C and D): Mean±S.E.M. evoked increase in striatal
dopamine over 50–1100 µAmps and 50–800 Hz of STN stimulation, respectively. Inset (E):
Expanded time frame for the initial responses to continuous and brief STN stimulation.
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FIGURE 7.
For the quasi-simultaneous technique, the carbon fiber microelectrode is switched in time
between a current-to-voltage transducer circuit (red op-amp) for fast-scan cyclic
voltammetry and a voltage-follower circuit (blue op-amp) for electrophysiology (A). Out of
each 200 ms epoch, ∼20 ms is used for electrochemistry and circuit relaxation, with the
remaining ∼180 ms available for bioelectric recording. Raw voltammetry data are analyzed
to determine the change in dopamine concentration with time (d[DA]/dt), and raw histogram
of post-synaptic single unit responses per time. Histograms of single unit activity are plotted
with the corresponding changes in extracellular dopamine levels evoked by electrical
stimulation (60 Hz, 30 pulses, 300 µA) (B). Data from the left panel were collected in the
striatum of an intact rat, whereas data in the right panel are from a 6-OHDA lesioned rat
with the striatum depleted of dopamine to ∼80%. Percent inhibition of post-synaptic unit
activity was calculated by dividing the number of spikes post-stimulation (0 to 100 sec) by
pre-stimulation (−100 to 0 sec). Although severely dopamine-depleted to mimic PD,
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surviving dopamine neurons terminating in the striatum are still capable of sustaining small
amounts of dopamine release evoked by medial forebrain bundle stimulation. Despite this
reduced level of evoked dopamine, the degree of post-synaptic inhibition was similar,
indicative of the phenomenon of dopamine denervation supersensitivity.
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FIGURE 8.
Dopamine release measured in the dorsomedial tail of the caudate nucleus of the awake
monkey (A) in response to electrical stimulation applied to various anatomical locations in
and around the subthalamic nucleus (STN) as depicted in a representative coronal section of
the monkey midbrain. Graph of the relationship of maximal increases in dopamine release
with respect to the location of the stimulating electrode (B). Tyrosine hydroxylase-
immunostaining highlights catecholaminergic axons originating in the dopamine-containing
cell body regions of the substantia nigra pars compacta and reticulata (SNc and SNr,
respectively) and ventral tegmental area (VTA) and can be seen coursing dorsally and
through the STN on their way to the caudate (C).
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FIGURE 9.
Electrically evoked (A–B) and spontaneous (C–D) dopamine release measured in the
striatum of a freely moving, 6-OHDA lesioned rat. Electrical stimulation of the medial
forebrain bundle (60 Hz, 24 pulses, 125 µA; B, red bar) was used to evoke dopamine
release. Background subtracted cyclic voltammogram (A, red line) for the electrically
evoked signal (B, red line) is indicative of maximal dopamine oxidative current. Several
spontaneous (non-electrically evoked) dopamine transients (D, blue lines) are shown in the
same recording at a later time where voltammograms are plotted with respect to time in the
form of a pseudo-color plot (C, time, x-axis; voltage, y-axis; current, z-axis). The
predominant brown color represents baseline current levels, which is a “zeroing” produced
by the subtraction procedure. Note that each spontaneous peak in trace D has corresponding
features in the pseudo-color plot C, coincident in time (yellow arrows). These colors reflect
current due to oxidation (ox) of dopamine to a quinone (purple) and reduction (rd) of the
electroformed quinone back to dopamine (yellow). These colors also correspond to the ox
and rd peaks of the single voltammogram (A, blue line) for the peak response of the last
peak (white arrow) with excellent statistical similarity (r = 0.915) with the voltammogram
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for the evoked dopamine response. Collectively, the voltammogram defines the chemical
signature of the transient and demonstrates that its origin is indeed dopamine.
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FIGURE 10.
WINCS hardware (A) enabling wireless monitoring of dopamine and glutamate release from
implanted electrodes during deep brain stimulation in human PD patients. WINCS
simplified circuit (B) utilizing Bluetooth technology for instantaneous transmission of deep
brain stimulation evoked changes in neurotransmitter release at electrochemical sensors
(WE, working [recording] electrodes).

Lee et al. Page 30

Neuromodulation. Author manuscript; available in PMC 2010 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 11.
Schematic of a probe comprised of an array of glutamate sensors (G1–2) positioned between
subthalamic nucleus stimulating electrodes (S1–2) at the tip and a distal array of four sensors
for dopamine (D1–4) (A–C). By taking advantage of the neuroanatomy of the striatum and
subthalamic nucleus, this newly designed probe can be implanted in both nuclei such that
simultaneous stimulation and neurochemical recording of both transmitters can be achieved
with a single probe as depicted to scale in a representative coronal section of the human
brain (D).
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FIGURE 12.
Conceptual illustration of wireless transmission of neurochemical data from a dual probe
comprised of dopamine and glutamate sensors and stimulating electrodes positioned in
thalamic nuclei of a human patient (A). The brain-implantable CMOS chip (2.2mm ×
2.2mm) containing an electrometer to conduct in vivo neurochemistry (B) will record and
wirelessly transmit to the outside world the electrochemical signals corresponding to
extracellular concentration variations of distal dopamine and local glutamate levels elicited
by deep brain stimulation of thalamic nuclei in human patients. These neurochemical
responses will be used as feedback to modulate the stimulation parameters in the chest-
implanted pulse generator. Typical dopamine calibration curves generated by flow injection
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analysis for hardwired (red line) and wireless (blue line) fast-scan cyclic voltammetry
recording systems (C). Example of electrically (blue bar) evoked dopamine release
measured wirelessly by the chip in the striatum of an anesthetized rat (D). (B–D) modified
from ref. (106)
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