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Neurobiology of Disease

Dopamine Release in the Nonhuman Primate Caudate and
Putamen Depends upon Site of Stimulation in the
Subthalamic Nucleus
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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an effective treatment for medically refractory Parkinson’s disease.
Although DBS has recognized clinical utility, its biologic mechanisms are not fully understood, and whether dopamine release is a
potential factor in those mechanisms is in dispute. We tested the hypothesis that STN DBS-evoked dopamine release depends on the
precise location of the stimulation site in the STN and the site of recording in the caudate and putamen. We conducted DBS with
miniature, scaled-to-animal size, multicontact electrodes and used functional magnetic resonance imaging to identify the best dopamine
recording site in the brains of nonhuman primates (rhesus macaques), which are highly representative of human brain anatomy and
circuitry. Real-time stimulation-evoked dopamine release was monitored using in vivo fast-scan cyclic voltammetry. This study demon-
strates that STN DBS-evoked dopamine release can be reduced or increased by redirecting STN stimulation to a slightly different site.
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lamic nucleus
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Electrical stimulation of deep structures of the brain, or deep brain stimulation (DBS), is used to modulate pathological brain
activity. However, technological limitations and incomplete understanding of the therapeutic mechanisms of DBS prevent per-
sonalization of this therapy and may contribute to less-than-optimal outcomes. We have demonstrated that DBS coincides with
changes in dopamine neurotransmitter release in the basal ganglia. Here we mapped relationships between DBS and changes in
neurochemical activity. Importantly, this study shows that DBS-evoked dopamine release can be reduced or increased by refo-
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cusing the DBS on a slightly different stimulation site.
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Introduction
Deep brain stimulation (DBS) of the subthalamic nucleus (STN)
has become an effective treatment for medically refractory Par-
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kinson’s disease (PD; Shen, 2014). Even though DBS is recog-
nized for its clinical efficacy in the treatment of certain neurologic
conditions, the biological mechanisms of DBS are still not fully
understood. While there are unquestionably multiple complex
local and circuitry effects of DBS, there is conflicting evidence
about whether STN DBS evokes dopamine release. Clarity on
this issue has implications for the role of DBS in triggering
neurochemical changes.

Indirect evidence suggests that STN DBS has dopaminergic
effects. It often reduces and sometimes eliminates the need for
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dopaminergic medications, such as levodopa (Moro et al., 1999).
Also STN DBS can elicit dyskinesias, a result similar to the ad-
verse effects of excess levodopa (Benabid et al., 2000). In addition,
the best electrode location when targeting the STN is considered
tobein the area immediately dorsal to the STN (Starr etal., 2002),
which, among many other neurotransmitter pathways, contains
surviving fibers of the dopaminergic nigrostriatal pathway (Par-
ent et al., 2000). Preclinical studies of STN stimulation-evoked
dopaminergic transmission in both intact and dopamine-
depleted animal models have found that DBS evokes dopamine
release in rodents (Bruet et al., 2001; Meissner et al., 2003; Lee et
al., 2006), in swine (Shon et al., 2010), and in nonhuman pri-
mates (NHPs; Gale et al., 2013).

However, four positron emission tomography (PET) studies
of PD patients with STN DBS stand in contrast to these animal
model findings. All four [C-11] raclopride (RAC) PET studies
failed to demonstrate dopamine release despite improvement in
PD motor symptoms by STN DBS (Abosch et al., 2003; Hilker et
al., 2003; Strafella et al., 2003; Thobois et al., 2003).

It is possible that the basis for these conflicting findings is specific
to methodological differences among them. Studies have shown that
the occurrence and overall magnitude of dopamine transmission
evoked by STN DBS is highly dependent upon the anatomic location
of the stimulating electrode within the STN and its relative proximity
to neighboring neural elements, as well as on the configuration of the
stimulating electrode (Lozano et al., 2002; McIntyre et al., 2004).
Stimulation location and its current spread may contribute as well to
the inconsistencies that can occur in neurophysiological and behav-
ioral outcomes of STN DBS (Kringelbach et al., 2007), the variability
of which has not been thoroughly accounted for in previous dopa-
mine DBS studies.

The objective of this study was to characterize STN DBS-
evoked dopamine release as a function of the location of the DBS
electrode within the STN and of the neurochemical recording
electrode in the caudate and putamen. We conducted STN DBS
with scaled-to-animal size, miniaturized, multicontact DBS elec-
trodes in the brains of intact NHPs, which are highly representa-
tive of human brain anatomy and circuitry. Stimulation-evoked
dopamine release was monitored in the caudate and putamen
using real-time in vivo fast-scan cyclic voltammetry (FSCV), sup-
porting subsecond time resolution, micrometer-dimension spa-
tial resolution, and chemical selectivity (Garris et al., 1994).

Since the magnitude of dopamine release may vary within
structures targeted for neurochemical recording, we also investi-
gated a new method of determining the optimal location for re-
cording DBS-evoked dopamine in the caudate and putamen
which was guided by voxel-specific functional magnetic reso-
nance imaging (fMRI; Min et al., 2014). Overall, we found that
the magnitude of STN DBS-evoked extracellular dopamine re-
lease in the caudate and putamen was dependent upon the locus
of the stimulation site in the STN and the fMRI-identified record-
ing sites in the caudate and the putamen.

Materials and Methods

Animals. The study group consisted of intact male rhesus macaques (n =
3; M1-M3) weighing an average of 12 * 1 kg. All study procedures were
compliant with the National Institutes of Health Guidelines for Animal
Research and approved by the Mayo Clinic Institutional Animal Care
and Use Committee.

DBS surgery. Surgical procedures were performed as described by Min
etal., (2014). Sedation was maintained with 1.75-2.5% isoflurane during
surgery and 1.5-1.75% during the fMRI and FSCV experiments. Vital
signs were monitored throughout all the procedures. An MRI-guided
stereotactic targeting system, specifically developed for NHP, was used
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for stimulating electrode targeting and implantation. All imaging was
conducted by a 3T MRI scanner (Signa HDx, General Electric). A min-
iature platinum-iridium DBS electrode (NuMed), consisting of six cylin-
drical contacts (625 wm in diameter and 500 wm in length, numbered
ventrodorsally from cl to ¢6; Fig. 1C) and separated by 500 um, was
introduced unilaterally to the STN. Our DBS surgical trajectories were
planned to avoid penetration of crucial cortices (motor and sensory) and
nuclei (caudate, putamen, and thalamus) at an angle from the posterior
border of parietal lobe to an anterior ventral passage, which would also
prevent fMRI artifact in our regions of interest (Table 1). Electrode loca-
tion was confirmed by x-ray fluoroscopy (Siremobil Compact, Siemens)
during surgery and by three-dimensional (3-D) computed tomography
(CT; Somatom Definition, Siemens) postoperatively. DBS electrode im-
pedance was checked postsurgery and throughout the fMRI and FSCV
experiments (2000~3000 )). One of the contacts (c5, M1) showed high
impedance (>10,000 (2) and was thus eliminated from any experiments.
DBS electrodes were implanted for chronic stimulation, followed by 1-2
months of postsurgical recovery.

fMRI during electrical stimulation. fMRI experiments were performed
during monopolar monophasic (charged balanced) stimulation pulses at
130 Hz, 3-4 V, and 150-250 us pulse duration (Stimulator Model 3550,
Medtronic). fMRI was conducted using a gradient echo (GRE) echo-
planar imaging pulse sequence (integrated spatial spectral pulse for fat
suppression) with an anatomical 2-D T2-weighted GRE image. An event-
related-like block design was used to detect BOLD responses evoked by
electrical stimulation, performing five stimulus/rest blocks (6 s ON/60 s
OFF). For data processing, a standard preprocessing sequence was per-
formed, including slice scan time correction, 3-D motion correction, and
temporal filtering (BrainVoyager QX, Brain Innovation). Neither spatial
smoothing nor normalization was applied. To correct for multiple com-
parisons and exclude false-positive voxels, we considered only voxels
with a false discovery rate of <0.001 as representing sites of activation
(Min et al., 2014).

FSCV. fMRI imaging results were used to determine the maximum
t-score voxel of BOLD activation neurochemical recording target within the
caudate and putamen in all three subjects (Fig. 1 H,J ). As described by Chang
et al. (2012), voltammetric recordings were performed using FSCV with
conventional carbon fiber microelectrodes (CFMs) for the actual electro-
chemical recording. Each electrode had an exposed diameter of 7 wm and a
length of ~100 wm. FSCV was performed wirelessly using the Mayo Clinic-
developed Wireless Instantaneous Neurotransmitter Concentration Sensor
Harmoni system (Chang et al., 2013). The CFM was held at —0.4 V, and
triangular waveforms (—0.4 to 1.5 V vs Ag/AgCl at 900 V/s) were applied at
10 Hz. Background-subtracted cyclic voltammogram currents were ob-
tained by subtracting the average of 10 voltammograms obtained before
electrical stimulation from each poststimulation voltammogram. For the
FSCV experiments, a 2 s stimulation was followed by a 5 min rest period
performed to maintain turnover time, while approaching the target using a
high-precision computer-controlled microdrive to lower the electrodes in
100 wm increments (Alpha Omega). Postcalibration was conducted on the
CFMs, and the voltammetry current results were normalized using gamma
value (Heien et al., 2003).

DBS electrode contact localization. All imaging data were processed and
analyzed by Analysis of Functional NeuroImages (AFNI). Preoperative
high-resolution MRI (resolution: 0.3 mm isovoxel) and postoperative
CT (resolution: 0.2 mm isovoxel) confirmed the location of the STN
target and each miniaturized DBS electrode contact. As shown in Figure
1 A, B, intermodal spatial registration between MRI and CT images con-
firmed (Lauro et al., 2016) that the DBS electrode was penetrating the
STN in each subject. Each subject’s MRI-CT fusion image was normal-
ized using nonrigid morphing weighted in the midbrain to a macaque
brain template (Van Essen et al., 2012), and an active contour tool (Yush-
kevich et al., 2006) was used to determine the boundaries of the STN and
the red nucleus (RN) as projected onto a 3-D model based on the imaging
data (Fig. 1D). This procedure allowed identification of each DBS contact
from each subject within the 3-D model of the STN (Fig. 1E). All DBS
contacts projected onto the 3-D STN model. Figure 1F shows DBS con-
tacts in a normalized MRI-CT fusion image for all three subjects. These
procedures were performed blinded to the fMRI and FSCV results (by
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DBS and CFM targeting and confirmation. A, within-subject MRl and (T fusion results showing the precise location of each DBS contactin the STN. B, Expanded view of the MRI-CT fusion

image in a single subject showing the DBS electrode contact locations. €, Schematic image of the multicontact miniature DBS electrode. D, cross-modality registration for each subject’s MRI-CT
fusion image to an NHP brain template in which the location of STN is shown in gray and the RN in red during 3-D coregistration using a normalized averaged T2 image from each subject (axial view).
E, Projection of all of the DBS contacts from each subject onto the 3-D STN model in a representative axial slice. F, DBS contacts from each subject (indicated by red, green, and blue) following
normalization (axial view). G, DBS electrode location as confirmed by cresyl violet staining. H, J, fMRI confirmation of the recording location in the caudate and putamen. /, K, Histograms of
stimulation-evoked peak dopamine responses occurring selectively within regions of the caudate and putamen identified by maximum t-score BOLD voxel.

Table 1. Experiment parameters for stimulation and recording targets

STN target coordinate (from midanterior fMRI stimulation FSCV caudate target coordinate FSCV putamen target coordinate FSCV stimulation
Subject and posterior commissure) parameter (from anterior commissure) (from anterior commissure) parameter
M1 (6.00L,0.25A,7.251,120° 130 Hz 4V 100 s (5.25L1,3.50A,7.50°5) (1250, 1.25A,4.75S) 130 Hz 4V 250 s
collar, 61° arc)
M2 (5.00L,0.00P,4.001,120° 130 Hz 3V 100 s (525L1,2.00A,7.259) (10.75L,2.00 P, 4.25S) 130 Hz 3V 150 s
collar, 67° arc)
M3 (5.50R,0.75P,4.001,116° 130 Hz 4V 100 s (425R,7.75A,2.50 ) (9.00R, 6.00 A, 0.00S) 130 Hz 4V 250 s

collar, 120° arc)

L, Left; R, Right; A, Anterior; P, Posterior; I, Inferior; S, Superior.

H.J.J.). The DBS electrode location was further confirmed histologically
by cresyl violet staining (Fig. 1G).

Estimation of the spatial relationship between STN stimulation site and
evoked caudate and putamen dopamine release. We overlaid an evoked
dopamine volume projection color map from the caudate and putamen
on to the STN DBS contact location model using all of the DBS contact
results from all the NHP subjects (total n = 51 data points each for
caudate and putamen). The dopamine results underwent bilinear inter-
polation (Szeliski, 1990), generating a distribution color map, which
indicated the relative peak magnitude of the evoked dopamine response.
We plotted the evoked dopamine response as a function of its anatomical
location distance around the STN for three orthogonal planes. The Pear-

son correlation coefficient between the directional distance for each axis
and dopamine magnitude was calculated independently for the caudate
and the putamen.

Results

Confirmation of recording location in the caudate

and putamen

Individual DBS-fMRI studies (resolution: 2.4 mm isovoxel) were
conducted to identify the best recording location within the cau-
date and the putamen of each subject. Consistent with previous
findings, upon stimulation, areas of BOLD activation were found
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DBS-evoked dopamine (DA) response. A, Representative pseudocolor plot of STN stimulation-evoked change in caudate DA as analyzed by voltammetry. B, Mean == SEM DA oxidation

current versus time plot of stimulation-evoked DA release in the caudate relative to a single subject and a single contact as marked in the left panel (average of n = 3 data points). C, Representative
pseudocolor plot of STN stimulation-evoked change in DA putamen as measured by voltammetry. D, Mean == SEM DA oxidation current versus time plot of stimulation-evoked DA release in the
putamen relative to a single subject and a single contact as marked in the left panel (average of n = 3 data points).

throughout motor and nonmotor circuitry (Min et al., 2014).
Figure 1H,] shows a representative single subject (M1) and
single-scan fMRI of STN DBS-evoked BOLD activation in the
caudate and the putamen, respectively. Figure 11,K depicts the STN
stimulation-induced dopamine response to the targeted sites in the
caudate and putamen, respectively. In all three subjects, the dopa-
mine response was maximal at the individual maximum #-score
BOLD voxel with an error of 1.85 = 0.37 mm. Dopamine was mea-
sured continuously in at a depth of 0.42 == 0.04 mm.

Dopamine release in the caudate and the putamen

Figure 2 shows pseudocolor plots of dopamine oxidation and reduc-
tion, the temporal pattern of stimulation time-locked caudate and
putamen dopamine release across the three subjects, and 3-D mod-
els of DBS contact locations in the STN. As shown in Figure 2A,C
(right panel insets), the recorded cyclic voltammograms exhibited
an oxidation peak at +0.6 V and a reduction peak at —0.2 V, which
is consistent with the oxidation and reduction of dopamine. Of the
17 DBS contacts in the STN across the three subjects, 10 contacts
evoked dopamine release in the caudate and nine evoked dopamine
release in the putamen. Figure 2 B, D shows the mean = SEM (n = 3)
dopamine oxidation current versus time plots of STN stimulation-

evoked dopamine release in the caudate and putamen from seven
representative DBS contacts.

We overlaid an evoked dopamine response volume projection
color map from the caudate (Fig. 3A—C) and the putamen (Fig.
3D-F) onto the 3-D STN DBS contact location model. The
evoked dopamine response color map shows increased dopamine
release when stimulating an area adjacent to the posterior and
lateral border of the STN. The dopamine responses in the caudate
and the putamen were similar to one another in that the concen-
tration of dopamine increased when stimulating posterior and
lateral portions of the STN and maximized when the location of
stimulation was just beyond the dorsolateral posterior border of
the STN (Fig. 3A, D, coronal view; Fig. 3 B, E, sagittal view; Fig.
3C,F, axial view; per neurological convention). However, the av-
erage amount of evoked dopamine from the seven representative
contacts in the putamen was 51 = 4% (mean = SEM) less than
that from the caudate (Fig. 2B, D).

Relationship between STN stimulation site and
caudate/putamen dopamine release

We conducted Pearson correlation analysis to determine the sig-
nificance of the relationship between the peak magnitude of the
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STN DBS stimulation site-dependent dopamine (DA) response projection map. A—F, To show the volume of DA released in caudate and putamen evoked by each stimulation contact,

we overlaid an evoked-DA response volume projection color map (bilinear interpolation) from the caudate (A—C) and the putamen (D-F) onto the 3-D STN DBS contact location model in views
representing neurologic convention. Coronal view (4), sagittal view (B), and axial view (C) of STN stimulation-dependent differences in caudate DA release (n = 51, stimulation sessions). Coronal
view (D), sagittal view (E), and axial view (F) of STN stimulation-dependent differences in putamen DA release (n = 51, stimulation sessions). DA release in both caudate and putamen was increased
when the location of stimulation was just outside the dorsolateral posterior border of the STN, a location that would contain the nigrostriatal fibers that run just dorsal to the STN.
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Figure4. Directional relationship of STN stimulation site with evoked dopamine (DA) release in the caudate (CA; circles) and putamen (PT; triangles). A, Relationship between electrode position

inthe STN (medial to lateral) and evoked DA release in the CA and in the PT. B, Relationship between electrode position in the STN (anterior to posterior) evoked DA release in the CA and the PT. C,
Relationship between electrode position (ventral to dorsal) and evoked DA release in the CA and the PT.

evoked dopamine response in the caudate and putamen and the
position of the seven contacts in the dorsal part of STN that
evoked dopamine relative to Cartesian coordinates (origin at an-
terior commissure aligned with posterior commissure). There
was a significant correlation between stimulation in the medial-
to-lateral axis of the STN and dopamine release in the caudate
(r=0.78; p = 0.04) and in the putamen (r = 0.83; p = 0.02; Fig.
4A). Similarly, there was a trend toward a significant relationship
between stimulation in the anterior-to-posterior plane of the
STN and dopamine release in the caudate (r = 0.74; p = 0.06)
and in the putamen (r = 0.72; p = 0.07; Fig. 4B). There were no
significant relationships between stimulation in the ventral-
dorsal plane and dopamine release in either the caudate (r = 0.49;
p = 0.26) or the putamen (r = 0.55; p = 0.20; Fig. 4C).

Discussion

In an effort to reconcile differences among clinical and preclinical
studies of STN DBS-evoked dopamine release, we investigated
the relationship between stimulation site in the STN and DBS-

evoked dopamine release in the caudate and putamen. We found
a spatial distribution in which the magnitude of DBS-evoked
dopamine release increased when the stimulation was delivered
to a more lateral and posterior site. Specifically, dopamine release
peaked in the fMRI targeted sites in both the caudate and puta-
men when stimulating the dorsolateral posterior border of the
STN. Although these tests involved an intact brain, these findings
suggest that STN DBS evokes dopamine release and that its con-
centration varies depending on the site being stimulated.

Several nonexclusionary explanations have been proposed to
support the potential effects of STN stimulation on midbrain
dopaminergic neuronal activity. It is known that a proportion of
STN excitatory glutamatergic neurons projects to dopaminergic
dendrites and inhibitory interneuronal GABAergic cells in the
substantia nigra pars reticulata (SNr; Kita and Kitai, 1987). If
DBS partially inhibits STN outflow via depolarization blockade,
it would lead to reduced excitation of SNr GABAergic neurons
(Benazzouz et al., 2000), which themselves inhibit substantia
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Major anatomical pathways affected by STN stimulation. A, Diagram of the sagittal view of the location of the STN in relation to the medial forebrain bundle (red line) comprising the

ascending dopaminergic nigrostriatal and mesocorticolimbic pathways. Diagram reprinted with permission from Devergnas and Wichmann, 2011. B, Representative coronal section of tyrosine
hydroxylase immunohistochemical analysis of dopaminergic projections in relation to the STN (Gale et al., 2013). VTA, Ventral tegmental area.

nigra compacta (SNc¢) dopaminergic neurons (Grace and Bun-
ney, 1979) and thereby indirectly increase dopamine neuronal
firing (disinhibition; Meissner et al., 2003). In addition, electrical
stimulation may also increase the activity of a population of glu-
tamatergic STN neuronal projections to SNc dopaminergic neu-
rons, thereby directly increasing their activity (Chergui et al.,
1994; Windels et al., 2000).

An additional possibility is that electrical stimulation activates
SNc efferent nigrostriatal fibers in close proximity to the STN, as
observed in rodent studies of medial forebrain bundle stimulation
(Lee et al., 2006). As shown in Figure 5A, B, midbrain-originating
nigrostriatal and mesocorticolimbic dopamine-containing fibers as-
cend to forebrain structures along a ventral-to-dorsal aspect of the
STN in NHPs (Devergnas and Wichmann, 2011), a pathway consid-
ered analogous to that in humans (Parent et al., 2000). When seen in
a sagittal view, this ventrodorsal dopaminergic projection also ap-
pears very close to the posterior aspect of the STN (Fig. 5A). Our
results, also suggest that these white matter areas are close enough to
the STN to be affected by stimulation of the dorsolateral posterior
STN contacts.

Two factors that might have influenced our findings of DBS-
evoked changes in dopamine release in the caudate and putamen
are (1) variability in the location of the dopamine recording site
and (2) variability in the location of the stimulating electrode
within the STN. To reduce variability in the dopamine recording
site across subjects, we identified an optimal recording site using
fMRI as a guide for positioning the sensing tip of the recording
electrode in each subject. The dopamine response across the three
subjects was obtained only when the sensing tip was within the
fMRI-identified recording site in the caudate and putamen. The
fact that there was a similar pattern of dopamine distribution in
the caudate and the putamen of all three subjects supports the
possibility that our results are related to something other than
individual variability in the neurochemical recording site.

To address the second factor, potential differences in dopa-
mine release relative to the stimulation site in the STN, it was

necessary to ensure accuracy of targeting and precise electrode
location by more than one method. We increased the resolution
and contrast while maintaining minimum geometric distortion
of the MRI during DBS surgical targeting and were able to reach
submillimeter accuracy in phantom tests (Min et al., 2014). The
electrode location was also confirmed postoperatively by imaging
and histology.

When investigating differences in the effects of individual
stimulation contacts, the size of the current diffusion from the
electrode must be taken into account (Mallet et al., 2007). A large
current diffusion effect can overwhelm small differences in con-
tact location. The miniature electrodes in this study exhibit a
current density of ~20uC/cm?, which is comparable in order of
magnitude to the ~10uC/cm? of human DBS electrodes. Our
results argue for a current distribution effect on the order of <1
mm, which has been previously reported and discussed relative to
human DBS electrodes (McIntyre et al., 2004; Mallet et al., 2007).
The slightly higher current density effect of our miniature DBS
electrodes may have caused a steeper current drop relative to
distance from individual contacts (Lozano et al., 2002), which in
turn could have resulted in more distinct differences among con-
tacts. However, this effect was likely compensated for by the pro-
portional difference in brain size between the human and the
NHP and the scaled-down dimensions of the DBS electrodes
used.

It is of note that STN DBS-evoked motor symptom improve-
ment in patients with PD has been found to be optimal when the
DBS electrode projects onto white matter dorsal to the STN
(Saint-Cyr et al., 2002), including the dorsolateral border of the
STN (Starr etal., 2002; Herzog et al., 2004). These clinical reports
and the present findings of an STN DBS dopamine effect are at
odds with the failure to find a similar effect in the previously
mentioned RAC PET studies of PD patients whose motor symp-
toms were reduced by DBS. A factor that may account for these
differences is the use in our study of subjects with intact brains,
rather than subjects with PD. Given that degenerated dopaminer-
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gic cells are a major factor in PD pathology, the magnitude of
stimulation-evoked dopamine release observed in our subjects
might have been muted in the RAC PET studies of subjects with
PD. In addition, in vivo electrochemical techniques provide lo-
calized and direct monitoring of evoked dopamine release (Gar-
ris et al., 1994). PET, on the other hand, relies on an indirect,
model-based global tissue assessment (Brooks, 2001) that im-
pedes the detection of small, site-specific changes in striatal do-
pamine levels. That said, because DBS is usually reserved for
late-stage PD, when dopamine agonists have either reduced ef-
fectiveness or cause intolerable levels of adverse effects (dyskine-
sias), it will be important to test our findings in large animal
models of PD and eventually in patients with PD who are under-
going DBS and in whom dopamine function is significantly
reduced.

The timing and duration of stimulation in the RAC PET stud-
ies and preclinical studies differs as well. Dopamine turnover
time in within-subject rodent studies requires short-term stimu-
lation with a minimum of several minutes between stimulation to
account for reuptake and repackaging in the presynaptic area
(Garris et al., 1994). Such was also the case in our study.

Last, it should be noted that there was individual variability in
dopamine levels among the subjects in the RAC PET studies.
While the group average showed no significant differences, sev-
eral subjects did show RAC displacement in the DBS ON condi-
tion (Abosch et al., 2003; Hilker et al., 2003), which, given our
results, suggests that the precise location of the stimulation con-
tact may affect group results.

Our findings regarding the dependence of dopamine re-
lease relative to the STN stimulation site may also have impli-
cations for the adverse effects that can occur in STN DBS for
PD. Hypomania and impulsivity are known to occur with STN
DBS for PD (Chopra et al., 2011) and can also occur with
poorly regulated dopaminergic medications in PD (Beaulieu-
Boire and Lang, 2015). Specifically, it has been reported that
while dorsal STN DBS improves motor function, ventral STN
stimulation can be associated with hypomania (Mallet et al.,
2007). During STN DBS surgical targeting, the electrode tra-
jectory is positioned at an angle from the anterior dorsal bor-
der of the prefrontal cortex to a posterior ventral passage
through the horizontal line of the anterior border of the RN
(as seen in the axial view, which displays the RN most prom-
inently; Starr et al., 2002). As a result, in clinical DBS, the
ventral STN contact is typically placed in the posterior aspect
of the STN relative to the dorsal contacts. The medial fore-
brain bundle consists of axons of the dopaminergic nigrostri-
atal, mesocorticolimbic, and other neurotransmitter systems
(Fig. 5A).

This study demonstrates that in the intact NHP, dopamine
release can be reduced or increased by subtle changes in the STN
stimulation site. If supported by further studies, these findings of
site-specific STN DBS-evoked dopamine release could have im-
plications for understanding the circuitry effects of STN DBS,
since stimulated brain networks are anatomically and function-
ally segregated within the basal ganglia thalamocortical system
and are represented in distinct functional motor, associative, and
limbic cortical regions (DeLong and Wichmann, 2012). Further
studies investigating the effects of stimulation site-dependent
DBS-evoked dopamine release in PD animal models and on pos-
itive behavioral outcomes and adverse effects of STN DBS are
needed to substantiate these initial findings.
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