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Summary

Although deep brain electrical stimulation can alleviate the motor symptoms of Parkinson's
disease (PD), just a small fraction of PD patients can take advantage of this procedure due to its
invasive nature. A significantly less invasive method - epidural spinal cord stimulation (SCS) —
has been suggested as an alternative approach for symptomatic treatment of PD. However, the
mechanisms underlying motor improvements through SCS are unknown. Here, we show that SCS
reproducibly alleviates motor deficits in a primate model of PD. Simultaneous neuronal recordings
from multiple structures of the cortico-basal ganglia-thalamic loop in PD monkeys revealed
abnormal highly synchronized neuronal activity within each of these structures and excessive
functional coupling among them. SCS disrupted this pathological circuit behavior in a manner that
mimics the effects caused by pharmacological dopamine replacement therapy or deep brain
stimulation. These results suggest that SCS should be considered as an additional treatment option
for PD-patients.

Introduction

Chronic electrical stimulation of subcortical brain structures, a procedure known as deep-
brain stimulation (DBS), has become an important complement to dopamine replacement
therapy in the symptomatic treatment of Parkinson's disease (PD) (Benabid et al., 1987).
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However, partially because of the highly invasive nature of this surgical procedure
(Morgante et al., 2007) and its need for additional complex and costly technologies, only a
small fraction of all PD patients that could possibly benefit from this therapy are actually
eligible for implantation. In this context, the recent demonstration that electrical epidural
spinal cord stimulation (SCS) alleviates akinesia in rodent models of PD (Fuentes et al.,
2009) and reduces motor symptoms in patients (Agari and Date, 2012; Fénelon et al., 2011;
Hassan et al., 2013; Landi et al., 2012) is a significant finding since SCS, unlike DBS, is
minimally invasive. Following the initial report on rodent PD-models, SCS has been
evaluated for treatment of PD in a few clinical case studies. Results of these studies range
from no measurable improvements in two patients (Thevathasan et al., 2010) to significant
symptomatic relief (Agari and Date, 2012; Fénelon et al., 2011; Hassan et al., 2013; Landi et
al., 2012) in 19 patients. More importantly, in some cases SCS achieved PD symptom relief
equivalent to the best effects obtained by pharmacological treatment (Fénelon et al., 2011).
At present, the underlying causes for the different outcomes in these preliminary clinical
studies are not known, but variations in electrode design, spinal cord implantation location,
and choice of stimulation parameters have been suggested as possible contributing factors
(Fuentes et al., 2010; Nicolelis et al., 2010). One way to optimize the application of this
potential therapy for PD is to establish what neurophysiological changes are associated with
the relief of symptoms, and to evaluate how these changes can be most effectively induced.
Here, we have addressed these questions by characterizing the behavioral and
neurophysiologic SCS effects in 6-OHDA (6-hydroxydopamine) lesioned marmoset
monkeys (Callithrix jacchus), a primate model of PD.

Results and Discussion

Using previously described procedures (Annett et al., 1992; Mitchell et al. 1995), five adult
male marmosets were rendered parkinsonian through 6-OHDA stereotactic micro-injections
in the medial forebrain bundle (MFB) of either one (n=2) or both hemispheres (n=3).
Injections resulted in neurodegeneration of the midbrain dopaminergic neurons projecting to
the forebrain in the lesioned hemispheres, as assessed post mortem through
immunohistochemical quantification of tyrosine hydroxylase (Figure S1). In lesioned
animals, the number of dopaminergic neurons in the midbrain was reduced to 42+23% of the
values observed in control animals. In addition, axonal terminal staining density in the
caudate-putamen decreased to 44+10% of the levels seen in normal subjects. Severity of
Parkinsonism was regularly examined in all marmosets using manual scoring of a wide
range of clinical signs/deficits (see Supplemental Experimental Procedures and Movie S1
for details) and automated quantification of spontaneous motor behavior. On average,
spontaneous locomotion was reduced to about a fourth of pre-lesion activity, and PD-signs
approached the maximum score (meanSD: 75£29%) in all the eight categories assessed
(Bankiewicz et al., 2001; Verhave et al., 2009).

Once PD clinical signs had been confirmed, animals were implanted with bipolar epidural
SCS electrodes positioned symmetrically over the dorsal midline of the spinal cord at high
thoracic level (T3-T4). Four of the five animals (two with bilateral and two with unilateral
MFB lesions) were also chronically implanted with microelectrode arrays/bundles in both
hemispheres for subsequent record of neuronal ensemble activity (both single units and
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LFPs; Figure S2). These implants targeted multiple structures in each animal, including: the
primary motor cortex (MI), putamen (Put), the sub-thalamic nucleus (STN), globus pallidus
pars externa (GPe) and interna (GPi), and the ventrolateral (VL) and ventral posterolateral
(VPL) thalamic nuclei. In the two unilateral-lesion animals, instead of globus pallidus, parts
of primary somatosensory cortex (SI) were implanted. Prior to SCS, all animals were also
subjected to acute pharmacological inhibition of dopamine synthesis (s.c. injections of
alpha-methyl-ptyrosine [AMPT] 2x240mg/kg) to further aggravate the PD signs.

To avoid SCS current intensities that could be experienced as uncomfortable, before each
stimulation session the intensity of each stimulation frequency was adjusted and set to 1.7
times the minimum intensity at which any behavioral response could be consistently
detected (small postural changes, head or neck movements). Overall, as previously reported
in rodents (Fuentes et al., 2009), we observed that SCS induced a clear alleviation of motor
impairment in monkeys that exhibited severe clinical PD signs. Because the stimulation
frequencies used in this study (range 4-300 Hz) proved equally effective, the analysis of the
SCS effects, both behavioral and electrophysiological, were performed by pooling all the
frequencies, unless otherwise stated. All recordings/stimulation sessions were performed in
freely behaving animals in a transparent acrylic box. Based on our automated image analysis
of digital videos obtained from multiple cameras during neuronal recording sessions, SCS
induced a 221% increase in general motility of trunk, head, limbs and tail (p<0.05,
Wilcoxon signed rank test, Figure 1A), a 192% increase in the frequency of bouts of
spontaneous locomotion (p<0.001, two-proportional z-test, Figure 1B) and a 144% increase
in the duration of locomotion periods (p<0.05, Wilcoxon rank sum test, Figure 1C). These
improvements resulted in a 243% increase in the total distance covered (p<0.05, Wilcoxon
rank sum test, Figure 1D) by the monkeys. Remarkably, SCS induced a preferential increase
in the fraction of faster locomotion components indicating a specific reduction of
bradykinesia, (p<0.05, Kolmogorov-Smirnov test of difference in speed histogram
distributions, Figure 1E). Overall, the resulting distance covered in locomotive behavior was
practically normalized by SCS (on average 91% of intact values, but locomotion differed
somewhat in that stimulated animals tended to extend bout duration [628%] while reducing
the frequency [11%] compared to the intact state). The improvements in motor disability
were also assessed by an observer blinded to stimulation conditions that rated specific
clinical signs, such as freezing, hypokinesia, bradykinesia, coordination, gait, posture, and
gross and fine motor skills, during the OFF and ON periods. The motor deficits that
exhibited the highest reduction during SCS were freezing (31%), hypokinesia (23%),
posture (23%) and bradykinesia (21%). Overall, the PD-score showed on average a
significant reduction of 18.4 + 13.9%(p<0.001, Wilcoxon signed rank sum test [including all
five subjects], Figure 1F; Figure S3).

In addition to the general clinical improvements observed in all monkeys, in a few instances
SCS resulted in an extraordinary functional recovery. An example of this is shown in Figure
1G, where a severely parkinsonian animal, who reached the maximum PD score on all
clinical signs rated, showed a dramatic improvement during SCS. This allowed the animal to
find and retrieve a food item with no difficulty whatsoever (See Movie S2).
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Chronic, multi-site neuronal extracellular activity was analyzed both in terms of changes in
single neuron's firing patterns and at the level of local field potentials (LFPs). We observed
that SCS induced changes in neural populations throughout the cortico-basal ganglia-
thalamic loop in parkinsonian animals (Figure 2A). As shown in Figures 2B and 2C, the
most noticeable effect was the suppression of LFP power in a frequency interval roughly
spanning the beta-band (8-20 Hz), which was abnormally strong in all PD monkeys
(respective peak power frequencies for the four subjects were 10, 11, 12, and 15 Hz; Figure
S4) (Stein and Bar-Gad, 2013). This suppression of LFP oscillations was observed in all
animals and, notably, in all parts of the cortico-basal ganglia-thalamic loop (although it did
not reach significance level, p<0.05, in GPe when comparing averaged power spectra;
Figures 2B and 2C, p<0.05, Wilcoxon rank sum test on band power 8-20 Hz). In agreement
with the behavioral effects, beta suppression could be obtained using both low- and high-
frequency SCS paradigms with approximately equal efficacy (average LFP power spectra
ON/OFF stimulation for all animals and frequencies are presented in Figure 2B).

Next, we examined the effects of SCS on single unit activity. Overall, about one third of the
neurons recorded in the lesioned hemispheres displayed significant changes in firing rates
associated with SCS. In contrast to the effect on LFP and motor behavior, SCS modulation
of neuronal firing rate differed markedly according to the stimulation frequency (Figure 3A).
While stimulation at low-frequencies (4-20 Hz) caused mostly excitatory neuronal
responses, inhibitory firing modulation predominated during high-frequency stimulation
(80-300 Hz; Pearson correlation between the ratio of inhibitory/excitatory responses and
stimulation frequency was: MlI, r=0.96, p<0.01; PU, r=0.74, p<0.05; VP, r=0.94, p<0.01;
VL, r=0.76, p<0.05; STN, r=0.92, p<0.01; GPe and GPi not significant, Figure 3B).

Consistent with the LFP oscillatory activity, we observed a large fraction of neurons with
beta oscillatory firing in the OFF period (Figure 3C) that was partially suppressed during the
SCS ON period (Figure 3D and 3E). In total, 152 neurons out of 273 (56%) from the
lesioned hemispheres displayed significant beta-range (8-16 Hz) rhythmic firing patterns
during the OFF periods (p<0.01, as compared to spectra computed from equivalent random
spike trains). Of these 152 neurons, 39 (26%) significantly decreased their beta rhythmicity
during the SCS ON period. The change in beta power for all units with significant rhythmic
activity in the beta range is summarized in Figure 3F.

Taken altogether, these data suggest that SCS-induced motor deficit relief is primarily
associated with the disruption of synchronized oscillatory activity rather than with specific
changes in firing rate. However, because cortico-basal ganglia activity is known to be
strongly influenced by behavioral state, neurophysiologic changes could also result, to some
extent, from secondary changes in animal motor behavior. Therefore, to further clarify how
SCS induces neurophysiologic changes that may cause symptomatic relief, we compared the
neuronal activity patterns from the lesioned hemisphere during SCS, in the two hemi-
lesioned animals, to either the patterns of the intact hemisphere or to the lesioned
hemisphere following L-DOPA treatment (s.c. 15 mg/kg with Benserazide 6.25 mg/kg).
Recordings were split into 4 second epochs that were classified as either active or inactive
states based on automatically quantified motor activity. To facilitate comparisons between
states, two separate indices were constructed. First, two vectors were created summarizing
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the mean differences [parkinsonian vs. intact state] and [parkinsonian vs. L-DOPA treated
state], respectively, in two multi-dimensional parameter spaces - spectral LFP power and
firing rate per structure. Each recorded epoch could then be represented as a point in the
parameter spaces and be quantitatively compared to the intact or L-DOPA treated state by
geometrical projection onto these vectors. Using this metric, it was evident that SCS
treatment caused a shift towards healthy brain activity patterns resembling the effect of L-
DOPA treatment. This effect was observed only for the analysis of LFP spectral power and
not for neuronal firing rates (Figure S5). Importantly, this shift could not be explained as a
secondary effect due to an active or inactive behavioral state since a two-way ANOVA,
employed to estimate the relative effect-size of SCS compared to that of behavioral state,
showed that only 2.9%and 0.8% of the total variance (eta-squared; using the metric for the
intact and L-DOPA treated state, respectively) could be attributed to behavioral state
change, whereas the effect of SCS treatment explained 13.4% and 10.8% of the total
variance.

Consequently, the main effect shared by both SCS and L-DOPA treatment appears to be the
suppression of the excessive neuronal population synchronization associated with the
parkinsonian state. Although it is not clear how coordinated low-frequency activity patterns
arise in PD, it is possible that an altered functional coupling between the circuit elements of
the cortico-basal ganglia-thalamic loop may be a key underlying factor (Williams et al.,
2002). To test this idea, we computed the coherence of the LFP signals between pairs of
different neural structures as an indirect measure of their functional connectivity. In the 6-
OHDA lesioned dopamine-depleted hemispheres, we found strong coherence between pairs
of structures, but only in the parkinsonian low-frequency range (8-15 Hz) (Fig. 4a, black
traces). Importantly, like the L-DOPA treatment, SCS reduced the beta coherence (Fig. 4a
red trace), leading to a significant functional decoupling between the different structures.
This suggests that SCS brings the functional connectivity of the cortico-basal ganglia-
thalamic circuit closer to the normal state of the intact brain. Indeed, this decoupling of
parkinsonian LFP oscillations in the beta band was observed between all the recorded
structures and was found to be very similar following L-DOPA and SCS (Fig. 4b).

To further explore the underlying mechanisms whereby SCS alters network activity, we
recorded neural activity while delivering single or pairs of SCS pulses. These recordings
showed that primary somatosensory pathways (VPL and Sl) are activated early by SCS and
that a disruption of beta oscillations through a phase-reset mechanism appears to cause the
observed wide-spread desynchronization in the beta band (Figures S6-S8; Fuentes et al.
2010; Popovych and Tass, 2012).

In conclusion, we observed that SCS caused clear clinical improvements in a primate model
of PD (comparable to, for example, the reported long-term reduction in UPDRS Il1 score by
DBS, ~28%, Follet et al 2010) and in particular for motor signs known to be difficult to treat
with DBS. These include deficits in posture, gait and speed of locomotion (Krack and Batir,
2003). Concurrent multi-site neuronal recordings showed that significant behavioral
improvements induced by SCS were strongly associated with desynchronization of neuronal
activity within the cortico-basal ganglia circuitry and reduction in beta-frequency coherence
between structure pairs. We therefore propose that SCS should be further tested in clinical
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studies aimed at measuring its long-term efficacy as a less invasive, long-term therapy for
PD patients.

Experimental Procedures

Five adult male common marmosets (Callithrix jacchus) 300-550g were used in the study.
The animals were housed in pairs in cages (1.0 x 1.0 x 2.3 m) in a vivarium with natural
light cycle (12/12 hours) and outdoor temperature. All animal procedures were carried out
according to approved protocols by AASDAP Ethics Committee and strictly in accordance
with the National Institute of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23). This project was approved by SISBIO/Brazilian Institute of
Environment and Natural Resources under No. 20795-2.

Neurotoxic lesions were inflicted under deep anesthesia. Two pl of 6-OHDA solution
(4mg/mL, 0.05% ascorbic acid, saline) were injected into the medial forebrain bundle in
(AP/ML/DV): 6.5/1.2/6.0; 6.5/1.2/7.0; 6.5/2.2/6.5; 6.5/2.2/7.5; 6.5/3.2/8.0 (Annett et al.,
1992). AP-coordinates were scaled according to the dimensions of the skull of each animal
(Stephan et al., 1980).

The following parkinsonian symptoms were assessed in the transparent acrylic box: episodes
of freezing, uncoordinated gait, difficulty using fine motor skills, episodes of bradykinesia,
hypokinesia, balance impairment, and posture. The assessment methods were based on
previously described procedures (Bankiewicz et al., 2001; Campos-Romo et al., 2009; Fahn
and Elton, 1987; Verhave et al., 2009) and are thoroughly described in the Supplemental
Information. Automatic motion tracking was performed using custom developed software in
MATLAB.

Local field potentials (LFPs) and action potentials were recorded using a multi-channel
recording system (Plexon Inc.).

Analyses of recorded signals were performed according to previously described methods
(Fuentes et al., 2009a; Halje et al., 2012).

The position of the recording electrode positions and the extent of dopaminergic lesions
were verified through quantitative tyrosine hydroxylase staining in all animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Spinal cord stimulation alleviates motor symptoms in parkinsonian primates
(A) Average effect on general motility in response to SCS. Each color line represents one

recorded animal over all trials. (B-D), Average recovery of locomotion: bout distance, bout
frequency and duration, respectively (colors represent the four different subjects and
asterisks denote significant group differences). (E), Reduction in bradykinesia reflected by
the preferential recovery of faster movement components in locomotion. (F), Average
improvements in PD-score in all testing sessions divided by symptom category (mean and
SEM shown). (G), Example of functional motor improvement from a state of severe
Parkinsonism enabling an animal to retrieve food rewards using skilled reaching and
grasping movements.
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Fig. 2. Spinal cord stimulation alters neuronal activity patterns in basal ganglia circuits
(A), Example of parallel changes in LFP power in multiple structures of the cortico-basal

ganglia-thalamic loop. For each brain structure, the panel at the right depicts pooled LFP
spectrograms. Note the immediate reduction of low-frequency oscillations (beta band) in
response to SCS (red bar, stimulation frequency: 4 Hz; color codes denote dB above pink
noise background for LFPs). (B), Average LFP spectra for all recording sessions normalized
to pink noise showing a significant SCS-induced reduction in LFP beta-power in all
structures except GPe. (C), Changes in normalized firing rates of individual neurons were

diverse but, on average, they decreased in response to SCS in GPi and VL.
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Fig. 3.

Spinal cord stimulation alters the firing rate and rhythmicity of neuronal units in basal
ganglia circuits. (A), Standardized neuronal firing rate response to different SCS frequencies
in multiple structures of the basal ganglia circuits (neurons rank ordered according to
responses). (B), The fraction of inhibitory responses increased with higher SCS frequencies.
(C), Autocorrelograms of two single units in M1l exemplifying beta-range rhythmic firing
pattern in a parkinsonian animal (SCS OFF). (D), Autocorrelograms of the same two units
showing that the rhythmic spiking is effectively interrupted by SCS. (E), The respective
power spectra OFF/ON (black/red) for the units shown in C-D. Note the peak (arrow) in the
beta-range during the OFF period, which disappears during the ON period. (F), Changes in
power of rhythmic beta-firing plotted for all 183 units that presented significant beta
oscillations either in the OFF or ON period. Colored circles represent the units with
significant suppression in beta power during the ON period. Black line denotes equal power
in ON and OFF conditions, thus units located to the right of the line display beta
suppression.
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Fig. 4. Spinal cord stimulation and L-DOPA treatment suppresses multi-structure LFP
coherence

(A), Example of LFP coherence spectra from one of the hemilesioned animals (black trace)
showing coherent oscillations restricted to the beta-band in the parkinsonian condition
(arrows) that are suppressed by SCS (red trace; bold line and shaded area denote median and
interquartile range, stimulation artefacts around 20 and 40Hz have been removed). (B),
Connectivity diagram representing the pooled LFP coherence in the 8-15Hz range in relation
to the 30-40Hz band between all pairs of electrodes in the different structures (values
represent averages from all five recordings in the two hemi-lesioned animals; all changes in
beta-to-gamma coherence for SCS ON/OFF are significant p<0.05, Wilcoxon rank sum
test). Note that the excessive beta-band coherence, represented by the warm colors in the
parkinsonian state, is effectively reduced by SCS in the same way as for L-DOPA treatment.
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