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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) and globus pallidus internus (GPi) is an effective treatment for parkin-
sonian motor signs. Though its therapeutic mechanisms remain unclear, it has been suggested that antidromic activation of the primary
motor cortex (M1) plays a significant role in mediating its therapeutic effects. This study tested the hypothesis that antidromic activation
of M1 is a prominent feature underlying the therapeutic effect of STN and GPi DBS. Single-unit activity in M1 was recorded using
high-density microelectrode arrays in two parkinsonian nonhuman primates each implanted with DBS leads targeting the STN and GPi.
Stimulation in each DBS target had similar therapeutic effects, however, antidromic activation of M1 was only observed during STN DBS.
Although both animals undergoing STN DBS had similar beneficial effects, the proportion of antidromic-classified cells in each differed,
30 versus 6%. Over 4 h of continuous STN DBS, antidromic activation became less robust, whereas therapeutic benefits were maintained.
Although antidromic activation waned over time, synchronization of spontaneous spiking in M1 was significantly reduced throughout
the 4 h. Although we cannot discount the potential therapeutic role of antidromic M1 activation at least in the acute phase of STN DBS, the
difference in observed antidromic activation between animals, and target sites, raise questions about its hypothesized role as the primary
mechanism underlying the therapeutic effect of DBS. These results lend further support that reductions in synchronization at the level of
M1 are an important factor in the therapeutic effects of DBS.
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Introduction
Deep brain stimulation (DBS) of the subthalamic nucleus (STN)
and globus pallidus internus (GPi) is an effective surgical treat-

ment for advanced Parkinson’s disease (PD), though its thera-
peutic mechanisms remain unclear. Previous hypotheses that
DBS inhibited output from the site of stimulation was based on
the observation that surgical ablation and DBS in STN and GPi
produced similar effects on motor signs in PD patients. Thus the
concept that high-frequency electrical stimulation produced a
functional lesion, inhibiting neuronal activity and reducing out-
put from the stimulated nucleus (Benabid et al., 1987; Dostrovsky
et al., 2000) became the prevalent early hypothesis of DBS mech-
anism of action. Subsequent studies demonstrated, however, that
DBS increased the output from the stimulated nucleus via acti-
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Significance Statement

Recently there has been great interest and debate regarding the potential role of motor cortical activation in the therapeutic
mechanisms of deep brain stimulation (DBS) for Parkinson’s disease. In this study we used chronically implanted high density
microelectrode arrays in primary motor cortex (M1) to record neuronal population responses in parkinsonian nonhuman pri-
mates during subthalamic nucleus (STN) DBS and globus pallidus internus (GPi) DBS. Our results suggest a contribution of
antidromic activation of M1 during STN DBS in disrupting synchronization in cortical neuronal populations; however, diminish-
ing antidromic activity over time, and differences in observed antidromic activation between animals and target sites with
antidromic activation not observed during GPi DBS, raise questions about its role as the primary mechanism underlying the
therapeutic effect of DBS.
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vation of efferent axonal projections while also creating changes
in firing patterns in downstream sites throughout the basal-
ganglia thalamocortical network (Hashimoto et al., 2003; Xu et
al., 2008; Vitek et al., 2012; Zhang et al., 2012; Agnesi et al., 2013a;
Muralidharan et al., 2017). More recently attention has been fo-
cused on the impact of stimulation on axonal fibers projecting to
and around the implanted nuclei. In line with this hypothesis
several studies have proposed that STN DBS derives its efficacy
via antidromic activation of the motor cortex (Gradinaru et al.,
2009; Kuriakose et al., 2010; Li et al., 2012; Walker et al., 2012;
Sanders and Jaeger, 2016; Anderson et al., 2018). Although the
studies in support of this hypothesis have primarily investigated
motor cortical responses that occur during STN DBS, via the
“hyperdirect” corticosubthalamic pathway (Monakow et al.,
1978; Nambu et al., 1996), it has also been suggested that similar
effects may be elicited during GPi DBS (Li et al., 2014).

In humans putative antidromic activation has been evaluated
through evoked potential recordings using scalp electroenceph-
alogram or subdural electrocorticography (Walker et al., 2012;
Miocinovic et al., 2018). This method provides an indirect mea-
sure of neuronal activity, however, and is susceptible to stimula-
tion artifacts. A more reliable approach is to directly record from
motor cortical neurons during stimulation. Experiments mea-
suring single neuron responses have been conducted primarily in
6-OHDA lesioned rodents with stimulation targeting the STN
(Gradinaru et al., 2009; Li et al., 2012; Sanders and Jaeger, 2016).
Although these studies support antidromic activation of M1 dur-
ing STN DBS in the rodent model of PD, antidromic activation
during DBS in the nonhuman primate MPTP model, with head
size and DBS leads that more appropriately scale to the human,
has been unexplored. Moreover, it remains unclear whether sim-
ilar neuronal responses can be observed during GPi DBS, which
has been found to be similarly effective in treating motor signs in
PD patients (Burchiel et al., 1999; Follett et al., 2010).

In this study we tested the hypothesis that antidromic activa-
tion of primary motor cortex (M1) neurons is a prominent fea-
ture of therapeutic STN and GPi DBS by evaluating single-unit
activity from high-density microelectrode arrays chronically im-
planted in the M1 area of two parkinsonian nonhuman primates.
In this study we also explored an alternative hypothesis that pro-
poses DBS exerts its therapeutic effects by modifying the pattern
of synchronized activity in M1. These studies were performed in
the same animals providing direct within-subjects comparison of
these two hypotheses. Each animal was implanted with two
scaled-down versions of human DBS leads targeting the STN and
GPi, respectively, enabling within animal comparisons of M1
activity to stimulation of both nuclei. Whereas previous unit
physiology studies were limited to examining acute effects of DBS
on the timescale of minutes, we examined spontaneous firing
during STN DBS over the course of 4 h while assessing motor
signs before, at hourly intervals during, and following DBS to
examine the stability of the observed effects.

Materials and Methods
Surgical procedures
All procedures were approved by the University of Minnesota Institu-
tional Animal Care and Use Committee and complied with U.S. Public
Health Service policy on the humane care and use of laboratory animals.
Two adult female rhesus macaques [Macaca mulatta, subjects: J (17
years), K (13 years)] were used in this study. Surgeries were performed
under isoflurane anesthesia using aseptic techniques. Surgical planning
of a titanium cephalic chamber targeting the STN and GPi was done
using merged preoperative cranial CT and MRI images in the Monkey
Cicerone neurosurgical navigation program (Miocinovic et al., 2007).

Methods for DBS implantation are described in detail in a previous pub-
lication (Hashimoto et al., 2003). Briefly, the location of the target nuclei
was confirmed using extracellular microelectrode mapping and each an-
imal was implanted targeting the STN and GPi with an 8-contact scaled-
down version of human DBS leads (0.5 mm contact height, 0.5 mm
inter-contact spacing, 0.625 mm diameter; NuMed). In a subsequent
surgery, each animal was implanted in the arm area of the M1 with a
96-channel Utah microelectrode array (Pt-Ir, 1.5 mm depth, 400 �m
inter-electrode spacing; Blackrock Microsystems) using surgical meth-
ods described previously (Rousche and Normann, 1992; Maynard et al.,
1997). M1 was identified based on sulcal landmarks during the array
implantation surgery, and the arm area was localized based on intraop-
erative stimulation of the cortical surface using a stainless-steel ball elec-
trode (Grass Technologies). Locations of DBS leads were verified in
Subject K histologically using frozen coronal sections (50 �m thick) that
were imaged and visualized in the sagittal plane in Avizo 3D analysis
software (FEI; Fig. 1B, left). Histology is not yet available in Subject J;
however, DBS lead locations were approximated using fused preimplan-
tation MRI and post-implantation CT images (Fig. 1B, right) together
with microelectrode identification of the target nuclei before implanta-
tion of the leads.

MPTP administration and behavioral assessments
Animals were rendered parkinsonian by systemic (intramuscular) and
intra-carotid injections of the neurotoxin 1-methyl-4-phenyl-1,2,3,6 tet-
rahydropyridine (MPTP). Subject K received six intramuscular injec-
tions (0.3– 0.4 mg/kg each, total 1.8 mg/kg). Subject J received three
intramuscular injections and one intra-carotid injection (0.3– 0.4 mg/kg
each, total 1.4 mg/kg). For both subjects, data were gathered after a stable
parkinsonian state was achieved, �2 months after the last MPTP injec-
tion. Overall parkinsonian severity was assessed using a modified Unified
Parkinson’s Disease Rating Scale (mUPDRS), which rated axial motor
symptoms (gait, posture, balance, turning, defense reaction, and food
retrieval) as well as appendicular motor symptoms (upper and lower
limb rigidity, bradykinesia, akinesia, and tremor) on the hemi-body con-
tralateral to neural recordings using a 0 –3 scale (0 � normal, 3 � severe).

Figure 1. Location of Utah array and DBS leads. A, Utah arrays were placed over the arm area
of the M1 (top). The image of Subject K was obtained end of study after perfusion; the image of
Subject J was obtained intraoperatively. B, DBS lead locations in the STN and GPi with location
of DBS leads in the STN and GPi in each subject. Contacts used for therapeutic stimulation shown
in yellow. In both animals, we verified that DBS in STN and GPi contacts produced improvements
in parkinsonian motor signs (Table 1). Th � thalamus, SN � substantia nigra, GPe � globus
pallidus externus.
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During physiology recording sessions animals were seated in a primate
chair, therefore therapeutic effects of DBS were assessed based on appen-
dicular motor scores only. Subject K received daily dopaminergic treat-
ment (carbidopa/levodopa 25/100 mg tablets) at the end of the day’s
experimental sessions to facilitate the animal’s care in its home enclosure.
To minimize possible carryover effects of levodopa on physiological re-
cordings, all recording sessions were conducted a minimum of 16 h after
the last dose.

Neuronal recordings
Neurophysiological data were collected using a TDT workstation
(Tucker Davis Technologies) operating at �25 kHz sampling rate. Spon-
taneous activity of M1 neurons was recorded while the animal was seated,
head fixed, in a primate chair. Unless noted otherwise only time periods
in which the animal’s eyes were open and the arm contralateral to the
recording site was not moving were included in the analysis, as described
in the following paragraphs.

Video of the animal’s eyes was captured and synchronized to the phys-
iological recordings. Image segmentation algorithms developed in
MATLAB (MathWorks) and described in a previous publication (Esco-
bar Sanabria et al., 2017) were used to analyze video of one eye and
calculate the eye-open area in each video frame. Areas were normalized
by the eye-open area identified when the animal had the eyes wide open,
such that a value of one corresponds to eye fully open, zero closed. Time
periods with eye-open area below a threshold of 0.5 were excluded from
further analysis.

Arm movements were recorded using a passive marker video capture
system (Motion Analysis), which tracked and digitally recorded in 3D the
location of a reflective marker on the animal’s contralateral wrist (100 Hz
sampling rate). The wrist position data were smoothed with a 100-
sample moving average filter and the derivative taken to obtain wrist
speed. Time periods with wrist speeds above a threshold of 5 mm/s, plus
0.5 s before and after threshold crossings, were excluded from analysis.
Only time periods �5 s in which eyes were open and no arm movement
was detected were included in subsequent analysis.

DBS stimulation protocol
Two sets of stimulation conditions were acquired in each animal: acute
DBS, which lasted 1–2 min, and subacute DBS, which lasted 4 h. The two
conditions were collected on separate days.

Acute DBS was delivered using TDT current-controlled stimulator
(IZ2H) connected to the DBS lead contacts. Pulse rate and pulse width
were constrained by the sampling rate of the TDT system and were set to
132.7 Hz and 81.9 �s, respectively (balanced biphasic pulses, no inter-
phase gap). Therapeutic stimulation amplitude and bipolar contact pairs
that produced improvement in parkinsonian motor signs were identified
(Fig. 1, bottom; Table 1) and used in subsequent acute DBS recording
sessions. The stimulation protocols used in the acute STN DBS sessions

were Subject K, C1(�), C2(�), at 0.3 mA amplitude; Subject J, C0(�),
C2(�), at 0.425 mA amplitude. Acute GPi DBS parameters were Subject
K, C0(�), C1(�), at 0.8 mA amplitude; Subject J, C3(�), C4(�), at 0.6
mA amplitude. STN and GPi DBS for each animal were delivered on
separate days.

Subacute DBS was delivered using clinically implantable pulse gener-
ators [IPGs; Subject K: St. Jude (now Abbott) Medical; Subject J:
Medtronic] externally connected to the STN DBS lead contacts. Subacute
GPi DBS was not examined in this study. Therapeutic stimulation am-
plitude using the same contacts used for the acute DBS with the IPGs was
identified. The stimulation protocols used in the 4 h stimulation and
recording sessions were Subject K: C1(�), C2(�),125 �s pulse width,
130 Hz pulse rate, and 0.2 mA amplitude; Subject J: C0(�), C2(�),120
�s pulse width, 130 Hz pulse rate, and 2.1 V amplitude. In each animal
subacute DBS was delivered 4 h per day for 5 consecutive days.

Neuronal data analysis
Neuronal recordings were analyzed offline using custom software devel-
oped in MATLAB (MathWorks) and Offline Sorter (Plexon). Raw data
were bandpass filtered 300 –5000 Hz, and single units were isolated and
sorted using principal component and template-based methods in Of-
fline Sorter. To remove the possibility of spurious detection of electrical
artifacts as spikes, data between 0.2 ms before and 0.8 ms after each DBS
pulse timestamp was excluded from the analysis. Similar data blanking
was performed to the off-DBS datasets using virtual pulse timestamps
introduced at the same frequency as that used during DBS.

Peristimulus time histograms (PSTH; bin size � 0.2 ms) of neuronal
activity were examined triggered to either the stimulation pulses during
DBS or to virtual stimulation pulses off-DBS. All spike occurrences in
each bin were summed, and divided by the total number of pulses to get
a probability PSTH, and divided again by the bin size to get a firing rate
PSTH. For within-cell comparisons of the effect of DBS on firing rates,
firing rate PSTHs were calculated in 2 s epochs in each condition to
obtain a distribution of firing rates for each cell (e.g., 60 firing rate values
over a 2 min recording period). The on-DBS firing rate distribution was
compared with the off-DBS distribution to assess whether DBS signifi-
cantly increased or decreased the firing rate of a given cell (Wilcoxon
rank sum test, p � 0.05).

Cells were classified as antidromic based on whether short latency, low
temporal jitter, high firing activity was detected following the DBS pulses
(Fig. 2B). It should be noted that classification is based solely on the
PSTH, and collision experiments were not conducted to confirm that
DBS-evoked activity was definitively antidromic. The firing rate in each
PSTH bin was converted to a z-score relative to baseline firing rate bins
taken from the off-DBS period, based on a PSTH triggered to virtual
stimulation pulses. If there was a peak in the resulting PSTH with a
maximum z-score �10, latency �3 ms, and low temporal jitter (width at
half-maximum �3 bins), the stimulation evoked activity was classified as
antidromic.

Spike synchronization analysis
Spike synchronization across simultaneously recorded cells in the M1
array was calculated using the source codes developed by Thomas
Kreuz’s group (http://wwwold.fi.isc.cnr.it/users/thomas.kreuz/) and the
method (Kreuz et al., 2015; Mulansky et al., 2015) is briefly described
here. This measure quantifies the degree of synchrony of the simultane-
ously recorded unit activities by detecting coincidences of spikes
appearing quasi-simultaneously. First, we defined a spike train as {ti},
ti�ti�1, with ti representing the times of the spikes. For N simultaneously
recorded spike trains {ti

�1	,ti
�2	, . . . ti

�N	}, a generalized bivariate coinci-
dence index for all pairs of spike trains was calculated using a coincidence
indicator:

Ci
�n,m	 � � 1 if minj��ti

�n	 � tj
�m	� � �ij

�n,m		
0 otherwise , (1)

with coincidence window � adapted to the local firing rates:

�ij
�n,m	 � min
ti�1

�n	 � ti
�n	,ti

�n	 � ti�1
�n	 ,tj�1

�m	 � tj
�m	,tj

�m	tj�1
�m	 �/ 2, (2)

Table 1. Improvement in parkinsonian motor signs during acute STN and GPi DBS

Subject Motor sign
mUPDRS
baseline

STN-DBS
improvement, %

GPi-DBS
improvement, %

K Rigidity 2.0 (2.0,2.2) 53 (53,58) 50 (44,54)
Tremor 0.5 (0.5,0.5) 100 (100,100) 100 (100,100)
Bradykinesia 2.5 (2.0,3.0) 50 (50,50) 42 (33,50)
Akinesia 2.5 (2.0,3.0) 50 (50,50) 50 (50,50)
Food retrieval 2.5 (2.5,2.5) 50 (35,62) 40 (40,40)

J Rigidity 0.9 (0.9,1.1) 47 (37,55) 47 (40,54)
Tremor 0.0 (0.0,0.0) NA NA
Bradykinesia 2 (1.5,2) 33 (25,50) 33 (25,50)
Akinesia 2 (1.5,2) 33 (25,50) 33 (25,50)
Food retrieval 2 (1.5,2) 25 (25,33) 33 (25,35)

Values are medians (1st quartile, 3rd quartile). mUPDRS for NHPs was used to assess motor signs in each animal,
rating upper limb rigidity, tremor, bradykinesia, akinesia, and food retrieval (on the arm contralateral to neural
recordings) using a 0 –3 scale (0 � normal, 3 � severe). Baseline Off-DBS scores are shown, as are percentage
improvement observed with STN and GPi DBS. Number of observations: Subject K, baseline n � 23, Off- versus STN
DBS and Off- versus GPi DBS within-session comparisons n � 10 and 6, respectively. Subject J, baseline n � 38, Off-
versus STN DBS and Off versus GPi DBS within-session comparisons n � 17 for each. There was no significant
difference between median percentage improvement in motor signs with STN versus GPi DBS in either animal
(Wilcoxon rank sum, p � 0.05, since all p values were above 0.05.
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and averaged for each spike in every spike train:

Ci
�n	 �

1

N � 1�m�n
Ci

�n,m	. (3)

The spike synchronization score was then defined as the ratio for coinci-
dent spikes:

SYNC �
�C

M
, (4)

where M was the total number of spikes in N spike trains. Spike synchro-
nization score is zero if and only if the spike trains do not contain any
coincidences and reaches one if and only if each spike in every spike train
has one matching spike in all other spike trains (Kreuz et al., 2015; Mu-
lansky et al., 2015).

The time frames with animals awake, at rest, without movement were
identified using the motion and reference video data. M1 spike train data
during these time frames was divided into 500 ms bins. A spike synchro-
nization score was calculated for each bin and all the scores from each
recording were pooled. The distributions of the scores from different
conditions (e.g., pre-, during, and post-DBS) were then compared to
investigate the change of the synchronization level of M1 neuronal activ-
ity with STN DBS.

Pairwise spike synchronization was also calculated for each pair of cells
and presented as spike synchronization matrixes. In the matrix, the color

of each pixel represents the value of the synchronization score
(warmer � higher synchronization score) of one pair of spike trains
using the above functions in the condition where N � 2. Whereas the
population spike synchronization score takes into account all simultane-
ously recorded cells, this pairwise analyses was used to explore whether
synchronization between different groups of cells was altered during
DBS. The cell– cell pairs were separated into three groups: antidromic to
antidromic (Anti–Anti), antidromic to non-antidromic (Anti–Non-
Anti), and non-antidromic to non-antidromic (NonAnti–NonAnti)
neurons.

Statistical analysis
mUPDRS. t Test [t(DoF)] was used to compare mUPDRS scores in the
DBS On versus Off condition for both the STN and GPi for Subjects K
and J, individually. Wilcoxon test [� 2(DoF,N )] was used to evaluate the
difference between the mUPDRS of individual symptoms ON/post 4 h
STN DBS and that pre-DBS. Bonferroni correction for five parkinsonian
signs (rigidity, tremor, bradykinesia, akinesia, and food retrieval) was
applied for both tests.

Spike synchronization analysis. One-way ANOVA test [F(DoF,N )] was
used to detect changes in spike synchronization before, during (first,
second, third, and fourth hour on), and after (first and second hour post)
4 h STN DBS for individual sessions. Multivariate mixed-model ANOVA
test [F(DoF,N )] was used for the spike synchronization from multiple
sessions combined, defining the ON/OFF condition as the fixed effect
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Figure 2. M1 single-unit responses to acute STN and GPi DBS. A, Example recording traces from two channels at the onset of STN DBS. Channel 17 had two isolated cells: 17a decreased firing rate
and 17b increased firing rate. Channel 75 had one isolated cell with antidromic firing response. B, Examples of peristimulus time raster plots aligned to DBS (or sham) pulses before, during, and after
STN DBS illustrating the four main response categories based on firing rate and pattern: antidromic, suppression, excitation, and no change. C, Examples of peristimulus time raster plots
demonstrating suppression, excitation, and no change responses before, during, and after GPi DBS. Antidromic activation of M1 was not observed with GPi DBS. D, Normalized peristimulus time
histograms (firing rate relative to the mean pre-DBS period) are shown, illustrating the four response classifications used in this study. E, Pie charts illustrating the percentage of each response type
in M1 during acute STN (left) and GPi DBS (right) for each animal. Antidromic firing in M1 was only observed during STN DBS, and in greater proportion in Subject K than in Subject J, whereas similar
proportions of excitation and suppression were observed for each animal for either STN or GPi DBS.
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and different sessions {condition} as the random effect. Thereafter, Dun-
nett’s test was used for both the spike synchronization from an individual
session and all sessions combined to evaluate the difference between each
condition during/post-4 h STN DBS and the pre-DBS condition.

Results
Therapeutic effects and M1 cell activity during acute DBS
STN and GPi DBS were effective in reducing parkinsonian motor
signs including rigidity, bradykinesia, and akinesia in both ani-
mals (Table 1). Tremor is typically minimal or not observed in
the rhesus macaque MPTP model, though Subject K, which ex-
hibited more severe parkinsonian motor signs, had mild tremor
that was alleviated by acute STN and GPi DBS. The median per-
centage improvement in mUPDRS scores with STN DBS com-
pared with GPi DBS was not significantly different in either
animal for any of the motor signs evaluated (Wilcoxon rank sum
test, p � 0.05).

The effect of DBS on M1 spiking activity was not homogenous
across the population of recording cells (Subject J: n � 314 STN,
n � 237 GPi; Subject K: n � 396 STN, n � 180 GPi.). This is well
illustrated by Figure 2A, top recording trace, which contains two
isolated cells; one cell had a dramatic suppression of firing after
the onset of STN DBS, whereas the other cell increased firing
during stimulation. Figure 2,B and C, raster plots, show five rep-
resentative cell responses to STN and GPi DBS, respectively. The
effect of DBS on cell firing was classified as antidromic, excita-
tion, suppression, or no change based on the firing rate PSTHs
before and during DBS (Fig. 2D; see Materials and methods). GPi
DBS evoked excitatory, suppressive, and no change responses in
similar proportions between animals (Fig. 2E, right). Antidromic
responses to DBS, characterized by action potentials occurring at
short latency and low temporal jitter after stimulation pulses,
were only observed during STN DBS. Antidromic activity in M1
during STN DBS was observed in both animals, however there
was a large difference between animals in the proportion of anti-
dromic classified cells (Fig. 2E, left). In Subject K nearly one-third
of all cells were classified as antidromic, whereas in Subject J only
6% of recorded cells were found to have antidromic activity. The
mean 
 SD latency of antidromic firing across all antidromic
classified cells was 1.23 
 0.43 ms.

In summary, although improvement in clinical ratings were
similar with STN and GPi DBS, antidromic activity in M1 was
only observed during STN DBS. It is also important to note that
although the therapeutic effect of STN DBS in each Subjects K
and J was similar (Table 1), the proportion of cells demonstrating
antidromic activation were significantly different (32 vs 6%, � 2

test, � 2 � 54.39, p � 0.001). The following sections focus on the
characteristics of antidromic classified cells in the context of
acute and subacute (4 h) STN DBS.

Time course of antidromic activity: acute STN DBS
As illustrated by the recording trace in Figure 2A (bottom plot),
antidromic classified cells did not discharge in response to every
stimulation pulse. We observed many cells showing epochs of
antidromic activity followed by pauses in firing during stimula-
tion. We also observed that the robustness of antidromic dis-
charges decreased over time. The time course of the population
averaged PSTH of antidromic classified cells after the onset of
STN DBS is shown in Figure 3A. The majority of cells demon-
strated a significant decrease in firing rate over the first 50 s of
STN DBS (Fig. 3B), suggesting that antidromic firing in M1 dur-
ing STN DBS is not stationary and tends to decrease over time.

We also characterized antidromic activity with lower fre-
quency pulse rates in a subset of neurons in Subject K (n � 23).

The trend of decreased antidromic firing over time appears to be
characteristic of more rapid pulse rates; whereas the robustness of
antidromic firing during 130 and 80 Hz stimulation decreased
over the first 50 s of recording, during 15 Hz stimulation anti-
dromic firing persisted (Fig. 3C).

Therapeutic effects and time course of antidromic activity:
subacute 4 h STN DBS
In another set of experiments animals were provided with thera-
peutic STN DBS continuously for 4 h for 5 consecutive days (see
Materials and Methods). Within each day the improvement in
composite mUPDRS scores, collected in Hours 1–3, was stable
throughout the period of stimulation for both animals (Fig.
4A,C), though some variability across days was observed partic-
ularly in Subject J. Effects of STN DBS on individual motor signs
is shown in Table 2. In Subject K, the percentage improvement
ranged from 30 to 45% and was significant for rigidity, bradyki-
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Figure 3. Strength of antidromic firing in M1 diminishes over time. A, Heat map illustrating
the time course of the population PSTH of M1 cells that were antidromically activated during the
first 50 s of STN DBS for both subjects. Before averaging, the PSTH of each cell was aligned to the
time bin in the PSTH where firing was maximal, and firing rate normalized to the firing rate
calculated over the first three time bins. Zero on the x-axis represents the time point of peak
antidromic firing. PSTH were calculated in 2 s bins and for visualization a 5-point linear inter-
polation both x and y axes was performed. B, The percentage of cells with significant change in
their peak PSTH firing rate [first 10 s vs the last 10 s, Wilcoxon rank sum (WRS) test, p � 0.05].
C, Time course of the population PSTH of cells whose responses to 15 and 80 Hz stimulation were
tested in addition to 130 Hz.
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nesia, akinesia, and food retrieval. In Subject J, percentage im-
provement ranged from 25 to 45% and was significant for
rigidity, bradykinesia, and akinesia.

Although the therapeutic effects of STN DBS remained rela-
tively stable over the 4 h period of stimulation, the robustness of
antidromic firing decreased over time in 51% (n � 34/67) and
44% (n � 8/18) of cells in Subjects K and J, respectively (Fig.
4B,C) continuing the trend observed with acute DBS (Fig. 2). It
should be noted that the subacute STN DBS neural recordings
began �2 min after the DBS pulse generator was turned on, such
that the reductions in antidromic firing described during acute

DBS would already be occurring when these subacute recordings
began. The change in antidromic firing rate was most salient in
Subject K, which had a higher proportion of antidromic classified
cells compared with Subject J. These findings further demon-
strate that although motor benefit is maintained antidromic fir-
ing in M1 due to STN DBS tends to decrease over time.

Combining all recording sessions, we found no statistically
significant correlation between the clinical ratings and normal-
ized antidromic firing rates across the cell population in Subject
K (Spearman’s rank correlation, rs � 0.04, p � 0.63), and a weak
correlation in Subject J (rs � �0.3, p � 0.03). Within individual
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Figure 4. The strength of antidromic activation of M1 cells was progressively diminished over 4 h of continuous STN. A, C, Composite scores based on the mUPDRS (y-axis) for Subjects K and J,
respectively. X-axis represents the time of stimulation. mUPDRS scores are shown for Hours 1–3 but were not taken in Hour 4. Detailed scores for individual motor signs are presented in Table 2. B,
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Table 2. Clinical ratings of parkinsonian animals before, during and after subacute STN DBS

On-DBS Post-DBS

Highest improvement
with DBS, %Subject

Motor sign
(highest possible score) Pre-DBS 1 h 2 h 3 h 30 min 60 min

K *Rigidity (6) 6.0 (4.8,6.0) 3.5 (3.5,4.0) 3.5 (3.5,4.3) 3.5 (3.5,3.8) 5.0 (4.8,5.8) 5.5 (5.0,6.0) 42
Tremor (6) 0.5 (0.3,0.5) 0.5 (0.3,0.5) 0.5 (0.3,0.5) 0.5 (0.5,0.5) 0.5 (0.5,0.5) 0.5 (0.5,0.5) 0
*Bradykinesia (6) 5.0 (5.0,5.5) 3.5 (3.0,3.5) 3.5 (3.0,3.5) 3.5 (3.5,3.5) 5.0 (4.3,5.0) 4.5 (4.5,5.0) 30
*Akinesia (6) 5.5 (5.5,5.5) 3.0 (2.5,3.3) 3.0 (2.8,3.8) 3.0 (2.8,3.8) 4.5 (4.0,5.3) 5.0 (5.0,5.5) 45
*Food retrieval (3) 2.5 (2.5,2.5) 1.5 (1.0,1.5) 1.5 (1.0,1.5) 1.5 (1.0,2.0) 2.5 (2.5,2.5) 2.5 (2.5,2.5) 40

J *Rigidity (6) 2.2 (2.1,2.3) 1.5 (1.1,1.6) 1.3 (1.1,1.3) 1.2 (1.1,1.3) 1.9 (1.8,2.0) 2.1 (2.0,2.1) 45
Tremor (6) 0.0 (0.0,0.0) 0.0 (0.0,0.0) 0.0 (0.0,0.0) 0.0 (0.0,0.0) 0.0 (0.0,0.0) 0.0 (0.0,0.0) 0
*Bradykinesia (6) 4.0 (3.8,4.0) 3.0 (2.8,3.5) 2.5 (2.5,3.5) 3.5 (2.5,3.5) 4.0 (3.8,4.0) 4.0 (3.6,4.0) 38
*Akinesia (6) 4.0 (4.0,4.0) 2.5 (2.5,3.3) 3.0 (2.3,3.0) 3.0 (2.5,3.3) 4.0 (3.5,4.0) 4.0 (3.6,4.0) 38
Food retrieval (3) 2.0 (2.0,3.0) 2.0 (1.5,2.3) 2.0 (1.5,2.3) 1.5 (1.5,2.3) 2.5 (1.8,2.5) 2.3 (1.6,2.5) 25

Values are medians (1st quantile, 3rd quantile). The number of assessments was five for each condition except for the values in italic, which were four. On DBS ratings were not taken in Hour 4.

* p � 0.05, Wilcoxon test. Bold scores are significantly different from its Pre-DBS condition in Steel’s test with control � Pre-DBS.
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sessions, there was no statistically significant correlation between
the clinical ratings and antidromic firing across the cell popula-
tion in either animal (Spearman’s rank correlation, p � 0.05).

Discharge patterns of antidromic classified cells is
not Poisson-like
Prior studies have suggested that STN DBS produces antidromic
firing in M1 that is stochastic and Poisson-like (Li et al., 2012). To
characterize the discharge patterns of antidromic classified cells,
interspike interval histograms were created (Fig. 5A). Although a
large percentage of individual DBS pulses failed to elicit anti-
dromic spikes, the resulting pattern cannot be considered Pois-
son-like; we found that most antidromic-classified cells had
interspike interval histograms with peaks equal to the DBS inter-
stimulus interval (Fig. 5B,C). Although overall the robustness of
antidromic firing reduced over time as described in the previous
section, this characteristic of ISI distributions of antidromic fir-
ing cells persisted throughout the 4 h recording period (Fig. 5C).

Reduced spike synchronization during subacute STN DBS
A spike synchronization score was calculated to reflect the coin-
cidence of neuronal firing across all simultaneously recorded M1
cells. Within each stimulation day in the awake resting state we
observed a significant reduction in spike synchronization com-
pared with the pre-DBS baseline in both animals (Fig. 6A). When
all the stimulation days were combined, spike synchronization
was also significantly decreased throughout the 4 h period of STN
DBS in both animals (Fig. 6B; mixed-model ANOVA, Subject K,
F(6,9966) � 5.2, p � 0.028; Subject J, F(6,22780) � 8.1, p � 0.0001).

To further demonstrate the cell– cell synchronization changes
with STN DBS in each animal, pairwise spike synchronization
analysis was performed and synchronization matrixes were gen-
erated. The spike synchronization matrixes from stimulation Day
1 illustrated changes in the pattern of pairwise synchronization in
both subjects (Fig. 7A). The most salient change consistent in
both animals was the reduction of spike synchronization of Anti–
NonAnti pairs, suggesting that the STN DBS may serve to “dis-
connect” antidromically activated cells from the rest of the M1
population. Combining the pairwise spike synchronization in-
dexes in the averaged matrix from all the stimulation days,
changes in spike synchronization in different cell– cell groups are

shown in Figure 7B. The Anti–NonAnti spike synchronization
decreased significantly during STN DBS in both animals (Wil-
coxon test, Subject K, � 2

(3,4720) � 400.8, p � 0.0001; Subject J,
� 2

(3,2256) � 135.3, p � 0.0001), whereas the NonAnti–NonAnti
spike synchronization only decreased in Subject K (� 2

(3,6108) �
194.7, p � 0.0001). The increase in Anti–Anti spike synchroniza-
tion at the first hour on DBS in Subject K was also significant
(� 2

(3,844) � 37.3, p � 0.0001). The pairwise spike synchronization
in the 1 h post-DBS period returned to pre-DBS level for all of the
cell– cell groups.

The proportion of cell pairs with increased or decreased cell–
cell spike synchronization in the fourth hour on DBS showed that
more cell pairs had decreased spike synchronization (Fig. 7C).
Moreover, decreased spike synchronization was observed with
majority of Anti–NonAnti cell pairs (74.3% in Subject K, 68.8%
in Subject J) and relatively more NonAnti–NonAnti cell pairs
(61.0% in Subject K, 54.6% in Subject J), but slightly less Anti–
Anti cell pairs (48.8% in Subject K, 42.1% in Subject J), in both
subjects. These changes in the percentage of cell pairs with de-
creased spike synchronization are consistent with the changes in
the cell– cell spike synchronization in all three groups (Fig. 7B).

Subacute GPi DBS was not collected in this study which pre-
cludes direct comparison of the effects of 4 h of STN and GPi DBS
on spike synchronization. Analysis performed on neuronal data
collected during acute 1 min STN and GPi DBS, however, re-
vealed differential effects on spike synchronization. For acute
STN DBS, a within-session comparison revealed significant re-
ductions of spike synchronization in 75% (3/4) and 100% (5/5)
of recording sessions in Subjects K and J, respectively (pooled t
test, p � 0.05). For acute GPi DBS, there were minimal changes
detected in spike synchronization, with significant reductions
observed in 20% (2/5) of sessions in Subject K and none (0/5) in
Subject J.

Discussion
Antidromic activation of M1 as the primary mechanism
underlying therapeutic DBS
A recent computational modeling study based on rodent anat-
omy reported that high-frequency STN stimulation caused ro-
bust, faithful propagation of action potentials throughout the
axonal arbors of hyperdirect neurons (Anderson et al., 2018)
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supporting previous experimental observations in rodents that
M1 cells were antidromically activated during STN DBS (Li et al.,
2012, 2014). The results of these and earlier studies have led to the
hypothesis that antidromic activation of motor cortex cells via
the hyperdirect pathway is a primary mechanism underlying the
therapeutic effect of STN DBS (Dejean et al., 2009; Li et al., 2012,

2014). The same mechanism was also suspected to underlie the
therapeutic effect of GPi DBS (Li et al., 2014). We sought to test
this hypothesis in the MPTP nonhuman primate (NHP) model of
PD where brain circuitry of NHPs is closer to that in humans and
the size of the NHP brain allowed for implantation of DBS de-
vices similar to those used in patients receiving DBS. This mon-
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key model also produces motor signs similar to that in PD
patients permitting behavioral assessments that also more closely
reflect the human condition.

We observed antidromic activation of M1 cells during STN
DBS in both monkeys suggesting activation of the hyperdirect
pathway occurs with STN DBS in the NHP model of PD. A caveat
to our observation however, is that despite similar clinical bene-
fits with DBS in our two subjects, the proportion of recorded
antidromic classified cells was dramatically different. Further-
more, although clinical improvement was maintained during
subacute stimulation the strength of antidromic activation signif-
icantly decreased over time. It is possible that the difference in the
percentage of M1 cells antidromically activated across animals
were due to differences in DBS lead placement, such that M1
axons were preferentially activated in Subject K compared with J.
The therapeutic levels for STN DBS were set �80% the level for
internal capsule stimulation side effects; the fact that stimulation
was lower in Subject K compared with Subject J (e.g., 0.3 vs 0.425
mA for acute DBS) is indeed suggestive of a lead location closer to
the internal capsule in Subject K. If antidromic activation of M1 is
important for STN DBS therapeutic effects, however, this study
raises the question of how much if any antidromic activation is
sufficient or necessary to impart that effect; the finding of similar
therapeutic effects in both animals but 32% antidromic-classified
cells in one animal and 6% in the other suggests one of two things;
either only a small proportion is required to elicit motor benefit
or antidromic activation does not play a significant role in medi-
ating the therapeutic effect of STN DBS.

Multiple studies in patients (Heywood and Gill, 1997; Levy et
al., 2001; Rodriguez-Rojas et al., 2018) and animal models of PD
(Bergman et al., 1990; Wichmann et al., 1994) have demonstrated
that inactivation of the STN through pharmacological or ablative
lesions can also alleviate parkinsonian motor signs. Although
STN lesions would disrupt hyperdirect cortical-STN connectiv-
ity, they clearly would not produce activation of motor cortex via
the hyperdirect pathway. Given that STN lesions and STN DBS
produce similar therapeutic effects one might hypothesize they
share at least some common mechanisms of action. However,
although the former removes output from the lesioned structure
the latter activates axons projecting from, projecting to, through
and adjacent to the stimulated structure (Miocinovic et al., 2006;
Johnson et al., 2008; Agnesi et al., 2013b). Nevertheless both
could serve to ultimately disrupt the transmission of pathological
information through the network just by different means (i.e.,
inactivating neuronal activity via lesion versus imposing more
regular output on upstream/downstream nuclei via stimulation;
Hashimoto et al., 2003; Xu et al., 2008; Agnesi et al., 2013a). It is
possible that disrupting hyperdirect cortical-STN connectivity is
important for therapeutic efficacy of STN interventions; however
the primary mechanism of action of STN lesions and STN DBS
common to both therapies (if one exists) is unlikely to be via
direct activation of the hyperdirect pathway.

The necessity of hyperdirect activation for beneficial effects of
GPi DBS was questioned by our finding of no antidromic classi-
fied cells in either animal during GPi DBS despite similar thera-
peutic benefits as STN DBS. This result is not surprising given
that the GPi is not known to receive strong direct projections
from M1, whereas the hyperdirect corticosubthalamic projects
are well established by tracer studies (Nambu et al., 1996, 1997).
A unique characteristic of our study was its within-subject design
with animals implanted in both STN and GPi, which enabled
clear demonstration of differences in M1 activation between tar-
gets. Our results support the conclusion by Miocinovic et al.

(2018), that antidromic activation of the hyperdirect pathway is
unlikely to be the primary mechanism for achieving therapeutic
DBS in the basal ganglia given the similar clinical effects achieved
with STN and GP DBS (Miocinovic et al., 2018). It is important to
note that while antidromic activation of M1 was not observed
during GPi DBS this does not rule out a role for antidromic
activation of M1 as a possible mechanism for STN DBS. We have
previously reported different effects of STN to GPi DBS on tha-
lamic activity in the cerebellar receiving areas of the motor thal-
amus (Xu et al., 2008; Muralidharan et al., 2017). The lack of such
an effect during GPi DBS is consistent with the argument that
although similar clinical benefit can occur with either target site
the mechanisms by which they exert their therapeutic effect may
differ.

Antidromic activation of M1 as a contributor to the therapeutic
effect of STN DBS
During subacute STN DBS, spike synchronization across all the
simultaneously recorded neurons was reduced throughout the
stimulation period (Fig. 6). The pairwise synchronization analy-
sis (Fig. 7) suggests that the decreased spike synchronization be-
tween antidromic and non-antidromic neurons was the major
contributor to the reduction in overall spike synchronization.
This is supportive of the idea that antidromic activation serves to
functionally disconnect those cells from the rest of the cortical
cell population (Anderson et al., 2018), disrupting pathological
network synchronization and leading to improved motor signs.
Indeed, the decreased synchronization of antidromic classified
neurons from the non-antidromic neurons was maintained
throughout the stimulation period and paralleled the improve-
ment in clinical rating scores. Interestingly, only a fraction of
neurons fired antidromically (7–13%) during subacute STN DBS
in Subject J compared with Subject K (26 –35%), yet the change in
population synchronization in both NHPs was similar and ap-
peared to be driven by the change in synchronization between
antidromic and non-antidromic cells. Moreover, the decrease in
population spike synchronization persisted despite decreased ro-
bustness of antidromic firing over time (Fig. 4). These findings
again bring up the question of how much antidromic activation is
necessary to induce a cell population desynchronization and
evoke therapeutic effects. We should also note that in this study
we did not explore the relative change in synchronized oscillatory
activity or connectivity changes within the basal ganglia thalamo-
cortical circuit all of which are likely to play a role in mediating
the therapeutic effect of DBS (Hashimoto et al., 2003; Meissner et
al., 2005; de Hemptinne et al., 2015; Wang et al., 2018).

The time course of wash-in effects of DBS (on the scale of
seconds to minutes) on individual motor signs has not been well
characterized in PD patients, however in clinical practice it is
observed that STN DBS can have a more rapid onset of effects
compared with GPi DBS. An intriguing hypothesis to explain this
difference is that direct modulation of motor cortical activity
during STN DBS facilitates the rapid onset of symptom relief. It is
notable that decreased spike synchronization was observed in
most recording sessions during acute STN DBS but not GPi DBS.
It important to note that the data presented here comparing STN
to GPi acute DBS effects reflect motor cortical activity in the first
minute after DBS is turned on, whereas our clinical ratings that
show similar therapeutic effects were collected several minutes
later. Additional studies are necessary to determine whether sub-
acute GPi DBS produces the same decrease in synchronization
that is observed with subacute STN DBS. To better address these
questions regarding the relative time course of behavioral and
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neuronal effects of STN versus GPi DBS, future studies will re-
quire continuous neural recordings combined with methods to
monitor and quantify individual motor signs on a moment by
moment basis.

Limitations
One potential limitation of this study is that although both ani-
mals were implanted in the arm area of M1 with identical Utah
arrays we cannot rule out differences in M1 cell sampling, such
that similar antidromic firing was actually occurring in both sub-
jects but was by chance under-sampled in Subject J. Further in-
vestigation in additional animals combining subject-specific
fiber tractography and volume of tissue activation models with
electrophysiology measures across a range of stimulation settings
that do and do not produce therapeutic effects will be needed to
further elucidate the relationship, if one exists, between activa-
tion of M1 axonal projections and therapeutic effects of STN
DBS. Subacute (4 h) GPi DBS was not evaluated in these animals;
to further study the similarities and differences in STN and GPi
DBS mechanisms of action (e.g., decreases in spike synchroniza-
tion), future studies should incorporate within-subject compar-
isons of neuronal population spiking activity during long-term
STN and GPi DBS.

Concluding remarks
Although this study does not rule out a contribution of anti-
dromic activation in M1 during STN DBS to the acute improve-
ment in motor signs, the difference in observed antidromic
activity between animals, and lack of antidromic activation dur-
ing GPi DBS, raise questions about its hypothesized role as the
primary mechanism for achieving therapeutic DBS in the basal
ganglia. Given the network wide dysfunction of cortical and
subcortical neuronal activity in PD it is difficult to state that
changes in any one nodal point (e.g., M1) of the basal ganglia-
thalamocortical (BGTC) circuit is responsible for the motor dys-
function observed in PD (Lalo et al., 2008; Jahanshahi et al., 2010;
Canessa et al., 2016). It can be argued that it is the sum of these
changes leading to alterations network connectivity (Kahan et al.,
2014) rather than the activity of a specific node. Although DBS in
the STN and GPi may have differential effects on M1 spiking
activity as we have shown in this study, both may ultimately serve
to disrupt pathological network activity or move the altered pat-
terns toward that observed in the normal state. Future studies
investigating the impact of therapeutic DBS on neuronal popu-
lations across multiple sites within the BGTC circuit recorded
simultaneously both at rest and during movement will be critical
in addressing these questions.
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