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Part 1: Histological reconstruction of recording sites. 

The locations of the recorded sites were reconstructed using a combination of anatomical 

and physiological markers. The anatomical mapping was based primarily on verification 

of electrodes tracks in the brain section following Nissle staining (Fig. S1A). In addition, 

microlesions were performed for monkey N only prior to sacrifice, in four locations at 

pre-defined chamber coordinates (outside the recording area to allow easier 

identification), using a cathodal (negative) current of -30 µA for 10 s. These two 

anatomical markers were then merged with the presumed electrodes trajectories based on 

the X-Y chamber coordinates using the mapped electrophysiological activity during both 

the recording sessions themselves and the preliminary mapping sessions, to reconstruct 

the recording sites (Fig. S1B,C). The recording sites were classified according to the 

stimulation effect on firing rate and pattern. The stimulation effect was not dependent on 

the distance between the stimulating and recording electrodes (which ranged from 500 

µm to 5 mm). Specifically, the distance was not significantly different between cells that 

were time-locked to stimulation (Mean ± SEM: 1.46 ± 0.09 mm) and cells that were not 

(Mean ± SEM: 1.5 ± 0.09 mm, t test, p > 0.05). Additionally, no difference in the 

distance was found between cells that increased their firing rate (Mean ± SEM: 1.39 ± 

0.08 mm) and cells that decreased their rate (Mean ± SEM: 1.18 ± 0.09 mm) as a result of 

the stimulation (t test, p > 0.05). An exception was the existence of 4 outliers out of 94 

increased-rate cells (4%) with a large distance (>5 mm) from the stimulation site. 



 

 

 

 



  
 

Figure S1. Histological reconstruction of recording sites. A, Nissle stain of a coronal 

brain slice at AC-3 of monkey A, showing the actual penetration tracks (marked by 

arrows). B, C, Recording sites during GPe (B) and GPi (C) stimulation of monkeys A 

(triangles) and N (circles) within both segments of the globus pallidus, superimposed on 

schemes of coronal brain slices derived from photographs of the cut brain of monkey N, 

and color-coded according to their response to high frequency stimulation (HFS): 
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Pu, putamen; Cd, caudate; AC, anterior commissure; STN, subthalamic nucleus; OT, optic 

tract; Th, thalamus; SNR, substantia nigra pars reticulata; Cl, Claustrum. 



Part 2: Comparison of the stimulation setup used in this study with the setup used in 

deep brain stimulation (DBS) in Parkinson’s disease (PD) patients. 

The stimulating electrodes used in this study are glass-coated tungsten microelectrodes 

with a 200 µm diameter that become thinner towards their tip. The conductive (exposed) 

cone-like tip is ~30 µm in length with a maximal diameter of 30 µm, leading to a 0.0016 

mm2 (1600 µm2) conductive surface area, with an impedance 0.2-0.35 MΩ at 1 kHz. This 

type of electrode enables low intensity stimulation in multiple sites without damaging the 

tissue severely because of the recurrent penetrations, as a result of their very small 

diameter. On the other hand, the DBS electrode used in PD patients is a quadripolar 

platinum-iridium electrode (Medtronic Inc.) including four cylindrical contacts, each 1.5 

mm in length  and 1.27 mm in diameter (resulting in a  6 mm2 surface area), and an 

impedance 1 kΩ at 1 kHz. The distance between the contacts varies depending on the 

model of electrode: 1.5 mm and 0.5 mm for model 3387 and 3389, respectively. This 

electrode can deliver much larger current intensities compared with the intensities used in 

our study, but is suitable only for chronic implantation because of its large diameter. 

The small conductive surface area of the stimulating electrodes used in this study enabled 

the safe delivery of 40 µA current intensity pulses, compared with 3 mA current 

intensities used in DBS. The stimulation pulse used in DBS is a 60 µs bipolar 

monophasic pulse. In our study, we used a monopolar biphasic stimulation pulse of a 200 

µs cathodic phase followed by an equivalent anodic phase which was used to minimize 

tissue damage. The cathodic pulse duration used in our study is similar to other macro- 

(Hashimoto et al., 2003) and micro-stimulation studies (Bar-Gad et al., 2004;Rivlin-

Etzion et al., 2008). The longer duration of the pulse chosen for our study (and other 



studies) compared with human DBS is used to increase the efficacy of the stimulation and 

compensate for the lower current amplitude and biphasic (which has a lower efficacy 

compared with monophasic) stimulation (Merrill et al., 2005). Using these stimulation 

parameters, a radius of up to 300-700 µm is typically affected, compared with 3 mm in 

human DBS (Ranck, Jr., 1975). This distance applies to stimulation of myelinated axons, 

whereas cell bodies are typically affected within a smaller distance. In this study, the 

distance between stimulating and recording electrodes varied and ranged from ~500 µm 

up to 5 mm. Therefore, our assumption was that for the vast majority of the cells, the 

soma was not within the range of direct effect of the stimulation. Rather, the cells were 

affected either directly as a result of their axon passage within the stimulation zone 

(direct antidromic activation) or as a result of synaptic transmission from directly effected 

neurons, depending on the cellular and network organization. Despite the small radius of 

the direct stimulation effect, a large proportion of the recorded cells responded to the 

stimulation, either by changing their firing rate or by displaying a time-locked response, 

or both.  

 

 



Part 3: Potential mechanism underlying the dynamic response to stimulation. 

Recurrent activation of neurons affected by stimulation may result in depletion of 

neurotransmitter in the synapses and a reduced amount of vesicles available for release, 

leading to synaptic depression and reduced amplitude of excitatory postsynaptic 

potentials (EPSPs) in the postsynaptic neuron. This process leads to effects on firing rate 

and pattern which are highly similar to the results observed in our study. The reduced 

EPSP amplitude (Fig. S3A) results in slower accumulation of synaptic inputs (Fig. S3B), 

thus leading to a reduction in the total number of generated spikes and a longer latency 

relative to the stimulus, together with a larger variability of latencies. This slower buildup 

of the response after the stimulus was manifested as a dynamic response to stimulation of 

the postsynaptic (recorded) neuron as the stimulation progresses (Fig. S3C). 

To provide supportive evidence for this potential mechanism, we conducted a simulation 

study, modeling the decreased amplitude of EPSP over the stimulation period and its 

effect on the firing pattern of the postsynaptic neuron (Fig. S3D). The simulation network 

was comprised of N input neurons synaptically linked to one output leaky-integrate-and-

fire (LIF) neuron, which represents the recorded neurons in our study. Stimulation was 

applied for 10 s with a 7 ms inter-stimulus-interval (leading to 142.8 Hz stimulation 

frequency). A fraction (pEffect) of the input neurons was directly affected by stimulation, 

resulting in a reduction of the amount of vesicles available for release as the stimulation 

progressed, which led to reduced amplitude of EPSP in the post-synaptic neuron. The rest 

of the input neurons were not affected by the stimulation, therefore the synapses did not 

go through a depression process and their EPSP amplitude remained at the initial level. 



The EPSP was modeled as δ function with normally distributed latencies (mean ± SD: 3 

± 1 ms).  

The LIF output neuron firing was modeled as: 

(1)  

where:  is the membrane potential;  is the membrane conductance;  is the 

equilibrium potential;  is the input of the n-th neuron at time t. Once the threshold  

is crossed, a spike is fired and the membrane potential is set to . Parameters used in the 

simulation results: , , , ,  which 

corresponds to the exponential decay of the membrane potential with a 5 ms time 

constant. 

 



 

Figure S3. Potential mechanism underlying the dynamic response to stimulation. A, 

Timing distribution of synaptic inputs from the stimulated fibers. Filled areas indicate the 

cumulative synaptic input required for crossing the action potential generation threshold. 

B, Accumulation of synaptic inputs leads to an action potential generation once the 

threshold (horizontal dotted line) is crossed (the cumulative input in B is the integral of 

the input shown in A) . The slope of cumulative inputs determines the variability of firing 



during continuous stimulation, such that a larger slope results in less variability (arrows). 

C, Firing rate distribution of the recorded neuron during stimulation. Less synaptic input 

(A) results in less threshold crossing and longer latencies with higher variability (B), 

which therefore leads to a decay of response over time. D, Peristimulus time-histograms 

(PSTHs) calculated by simulating the effect of reduced synaptic efficacy on the firing 

pattern of the postsynaptic neuron during HFS. PSTHs based on different EPSP 

amplitudes are presented, normalized to arbitrary units. 
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