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Abstract
Theoretical and experimental analyses of deep brain stimulation (DBS) in the subthalamic nucleus
(STN) show both excitatory and inhibitory effects on the neural elements surrounding the electrode.
Given these observations, the mechanism underlying the therapeutic effect of STN DBS on
parkinsonian motor signs remains under debate. One hypothesis suggests abnormal levels of bursting
activity in the pallidum play a key role in the development of parkinsonian motor signs and that STN
DBS may exert its beneficial effect by modifying this type of activity. We quantified the changes in
bursting activity of globus pallidus internus (GPi) and externus (GPe) neurons before and during
ineffective (subtherapeutic) and effective (therapeutic) STN DBS in two monkeys rendered
parkinsonian by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Compared
to pre-stimulation control values, the population mean firing rate increased during therapeutic
stimulation significantly in both GPe (from 41.7Hz±2.8 to 71.4Hz±7.8) and GPi (from 58.8Hz±4.2
to 71.5Hz±6.2). The burst rate, however, increased significantly in GPe (from 80.1 bursts/min ±10.0
to 103.1 bursts/min ±11.1) and decreased significantly in GPi (from 104.2 bursts/min ±8.3 to 75.8
bursts/min ±10.8). Although both animals showed improvement in parkinsonian motor signs,
changes in rate and bursting activity in GPi were significant only in one animal. These data suggest
that while changes in rate and bursting activity may contribute to the improvement in PD motor signs
during STN DBS, one cannot explain the therapeutic effects of stimulation in all cases solely on
changes in these parameters. Other physiological changes that contribute to its therapeutic effect
must also occur.
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Introduction
Parkinsonian motor signs (akinesia, bradykinesia, rigidity and tremor) have been linked to
abnormal neuronal activity in the basal ganglia (DeLong, 1990; Bergman et al., 1994;
Wichmann et al., 1994; Brown et al., 2001). Changes in neuronal activity characteristics such
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as rate and pattern have been shown when comparing normal and parkinsonian animals. In
general, the parkinsonian state is characterized by an increased rate in the subthalamic nucleus
(STN) and globus pallidus internus (GPi), and a decreased rate in the globus pallidus externus
(GPe) and motor thalamus (Elder and Vitek, 2001). Neurons in all three nuclei also exhibit
more bursts, or abruptly occurring sequences of closely spaced action potentials and
synchronized oscillatory activity in the beta range (Bergman et al., 1994; Nini et al, 1995;
Montgomery and Baker, 2000; Soares et al., 2004; Brown et al 2001).

Lesioning or deep brain stimulation (DBS) of the subthalamic region have both been used to
successfully treat parkinsonian symptoms (Bergman et al., 1990; Limousin et al.,1998; Benabid
et al., 2001a,b; Walter and Vitek, 2004; Alvarez et al., 2005). However, lesioning and DBS
generate different effects on neuronal activity of the pallidum. Lesions of the STN decrease
pallidal firing rates and remove altered patterns of neuronal activity (Wichmann et al., 1994;
Trost et al., 2006), while STN DBS increases pallidal firing rates and tends to organize the
timing of pallidal firing relative to the stimulus pulses (Hashimoto et al., 2003). In turn,
emphasis has been placed not only on changes in firing rates, but also on changes in the firing
pattern to explain the pathological neuronal activity correlate of parkinsonism (Bergman et al.,
1994; Nini et al, 1995; Montgomery and Baker, 2000; Soares et al., 2004). Hashimoto et al.
(2003) reported that during DBS of the subthalamic region pallidal spikes occurred with a
bimodal probability distribution following the stimulus pulses. That manuscript, however, did
not address the effect of DBS on the bursting characteristics of pallidal neurons. We therefore
extend the original analysis to investigate the higher order bursting characteristics recorded in
pallidal neurons during therapeutic high frequency subthalamic DBS.

We examined the differences in firing properties of neurons from GPe and GPi before
stimulation and during subtherapeutic and therapeutic high frequency STN DBS in two
parkinsonian non-human primates. When comparing pallidal activity without stimulation to
pallidal activity during therapeutic stimulation we found reduced bursting in GPi and enhanced
bursting in GPe. The transition from subtherapeutic to therapeutic stimulation showed a
significant overall shift toward larger decreases in GPi burstiness, increases in GPe burstiness
and increases in pallidal firing rates.

Materials and Methods
All surgical procedures and behavioral protocols were approved by the Institutional Animal
Care and Use Committee and complied with United States Public Health Service policy on the
humane care and use of laboratory animals.

Surgical procedures
Two rhesus monkeys (Macaca mulatta; R7160 and R370) were used in this study. Hashimoto
et al. (2003) used these same monkeys in a previous report of neural activity during subthalamic
DBS. A hemiparkinsonian syndrome was induced by unilateral intracarotid injections of the
neurotoxin 1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine (MPTP, 0.4 - 0.6 mg/kg over the
course of ∼10 minutes) during aseptic surgical procedures under isoflurane anesthesia until a
stable parkinsonian state characterized by contralateral rigidity and bradykinesia was achieved.
A craniotomy was trephined and recording chamber implanted over the craniotomy in a
subsequent aseptic procedure under isoflurane anesthesia with the head held in a primate
stereotaxic instrument. Stainless steel screws were secured to the skull, and the implant system
consisting of screws, recording chamber and head stabilization receptacle was bonded together
with dental acrylic. During a 2-week postoperative recovery period, the monkeys were given
unlimited food and water, analgesics, and extra fruit. Prophylactic antibiotics were given
preoperatively and continued postoperatively for 10 days.
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Electrical stimulation and single neuron recording
The locations of the subthalamic nucleus (STN) and nearby structures were identified by
mapping the activity of single neurons with a microelectrode during a series of electrode
penetrations. During recording sessions the monkeys were seated in a primate chair with the
head restrained. Glass-insulated platinum-iridium microelectrodes (impedance 0.5 - 1.0 MΩ
at 1 KHz) were advanced by a microdrive (Narishige Scientific Instruments) attached to the
recording chamber. Signals from the microelectrode were amplified and filtered using standard
techniques. The filtered analog signals were sampled with a resolution of 20μs and stored on
a computer hard disk for later offline analysis.

An electrophysiological map of the area around the STN was compiled by classifying neural
activity using the same techniques commonly used during human functional neurosurgery
(Vitek et al., 1998). A scaled-down version of a DBS lead used in humans (Model 3387,
Medtronic Inc.) was then implanted into the subthalamic region as described in Elder et al.
(2005). The DBS lead had four metal contacts each with a diameter of 0.76 mm, a height of
0.50 mm, and a separation between contacts of 0.50 mm. The lead was connected to a
programmable pulse generator (Itrel II, Medtronic Inc.) implanted subcutaneously between the
scapulae. The maximum therapeutic benefit with bipolar stimulation (to minimize stimulation
artifacts) was determined by systematically varying contacts, pulse duration, frequency, and
voltage as described in Hashimoto et al. (2003). Stimulation using the voltage that ultimately
produced the best therapeutic benefit was considered therapeutic stimulation, whereas the
maximum reduced voltage where no therapeutic benefit was detected was considered
ineffective stimulation. After the DBS lead was implanted, spontaneous activity of single
neurons was recorded in the pallidum before, during and after high frequency (136 Hz)
stimulation while the monkey sat quietly in the primate chair. All neuronal data was analyzed
offline. Stimulation artifacts were removed from the digitized neuronal recordings as described
in Hashimoto et al. (2002), and action potentials were discriminated. The sequence of action
potential and stimulation times was stored for further analysis. Data from both animals were
pooled for combined analysis, except where noted.

Data analysis
Bursting, while not rigidly defined in the literature, is generally characterized as short intervals
of time when action potential firing frequency is highly elevated compared to the baseline rate.
We identified bursts using a modified version of the rate independent Poisson surprise method
(Legendy and Salcman, 1985). Putative bursts were first identified as sequences of interspike
intervals (ISI) that were less than the mean ISI of the series. These putative bursts were further
refined by calculating the surprise index (SI) of every combination of contiguous spikes and
taking the combination with the highest SI (lowest probability of occurrence). Spikes removed
from putative bursts during this procedure were reassigned to the adjacent non-burst period.
Bursts found in this manner were rejected if they did not consist of a minimum of 3 spikes or
have an SI value of at least 3 (Wichmann and Soares, 2006), with the rejected spikes being
reassigned to the adjacent non-burst period.

The discharge properties within burst and non-burst periods were analyzed separately (means
values are reported +/- SEM). The mean firing rate and ISI coefficient of variation (CV) was
calculated for each burst and non-burst period, as well as the time intervals between the onset
of burst and non-burst periods. The mean values of these firing parameters during the control
and stimulation period were compared using t-tests (α = 0.05). Differences between the
proportion of neurons exhibiting changes in these parameters during therapeutic and ineffective
stimulation were analyzed using a chi-square test (α = 0.05). The magnitude of parameter
changes from control to stimulation conditions was calculated. The mean and distribution of
magnitudes for the subtherapeutic and therapeutic stimulation conditions were compared (t-
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test and Kolmogorov-Smirnov respectively, α = .05). Magnitude distributions were binned,
normalized and smoothed with a 5-point moving average.

Results
The goal of this study was to investigate the relationship between therapeutic DBS and the
characteristics of bursting in pallidal neurons. Recordings were made from pallidal neurons of
two MPTP-treated monkeys prior to and during high frequency stimulation of the subthalamic
region. Spontaneous movement increased and muscle tone was reduced for stimulation at 136
Hz at therapeutic voltages (1.8V/210μsec for R7160 and 3.0V/90 μsec for R370), but not at
slightly lower voltages (1.4V/210μsec for R7160 and 2.0V/90 μsec for R370; for details see
Hashimoto et al. (2003)). Not every cell in this study was recorded at both therapeutic and
subtherapeutic voltages. Accordingly, for GPe a total of 38 cells were analyzed, 16 cells using
both therapeutic and subtherapeutic voltages, 4 cells using therapeutic voltage only, and 18
cells using subtherapeutic voltage only. For GPi a total of 66 cells were analyzed, 21 cells using
both therapeutic and subtherapeutic voltages, 15 cells using therapeutic voltage only, and 30
cells using subtherapeutic voltage only. The therapeutic and subtherapeutic voltages were
determined for each animal individually.

Effects of subthalamic DBS on pallidal firing patterns
Although high frequency electrical stimulation in the STN generated a range of responses for
individual neurons in the pallidum compared to pre-stimulation control values, the population
mean firing rate increased significantly in both GPe (from 41.7 Hz ±2.8 to 71.4 Hz ±7.8) and
GPi (from 58.8 Hz ±4.2 to 71.5 Hz ±6.2), while the burst rate increased significantly in GPe
(from 80.1 bursts/min ±10.0 to 103.1 bursts/min ±11.1) and decreased significantly in GPi
(from 104.2 bursts/min ±8.3 to 75.8 bursts/min ±10.8) (Figs. 1 and 2). For each neuron a
comparison was made between the overall spike train during the pre-stimulation and on-
stimulation epochs. Each cell was classified as having either a significant increase or decrease
or no significant change in each characteristic. The mean change was calculated separately for
cells where the value increased and for those where the value decreased. Figures 1B and 2B
show the pre-stimulation and on-stimulation population mean rates, as well as the mean change
in spike firing rate and incidence of bursting for each group. The majority of cells responded
to effective stimulation by increasing spike firing rate (70% GPe, 58% GPi) (see Table 1).
Significant changes in bursting also occurred in a substantial proportion of pallidal neurons
with 39% of GPi cells showing a decrease and 30% of GPe cells showing an increase in the
incidence of burst activity in the spike train (see Table 1).

The spike train is a combination of both high frequency burst episodes and lower frequency
activity between bursts (extraburst activity). The spike firing rates during burst and extraburst
episodes were analyzed separately. The resulting rates for the pre-stimulation and on-
stimulation epochs were then compared. Figure 1 shows that GPe cells increased rate
significantly both during bursts (70%, mean change 51.7 Hz ±13.2) and between bursts (60%,
mean change 30.9 Hz ±10.0). The extraburst firing rate was also significantly increased in GPi
cells (from 47.3 Hz ±4.3 to 62.4 Hz ±6.9; Fig. 2). There was no significant change in the
intraburst firing rate for GPi cells.

The coefficient of variation (CV) is one measure of the regularity of a spike train. The CV for
pre-stimulation and on-stimulation epochs were calculated and compared. Fifty percent of GPe
cells and sixty seven percent of GPi cells had a lower CV during therapeutic stimulation. Since
the CV is a single measure for a given episode, a classification of no change was not meaningful.
However, the population mean was found to increase only slightly in GPe (from 1.3 ±.08 to
1.5 ±.12) and decrease slightly in GPi (from 1.1 ±.08 to 1.0 ±.08). While neither of these
differences was found to be statistically significant, the potential relevance of these changes
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on a physiological level and the effect of decreasing the variability of the spike train in such a
large population of neurons remain to be determined.

Stimulation location and pallidal bursting
Miocinovic et al (2006) constructed 3D brain atlases of monkeys R7160 and R370, defining
the position of the DBS electrode relative to the basal ganglia anatomy. The anatomical models
were then coupled to electrical models of the voltage distribution generated in the tissue
medium by the stimulation. These electric field models were coupled to biophysical models
of STN projection neurons and GPi fibers of passage in the lenticular fasiculus. The model
predicted direct axonal activation of both STN and GPi neurons during DBS (Miocinovic et
al., 2006). Figure 3 shows a reconstruction of the neurons that were predicted to be activated
for each animal given the specific location of the contact used for effective stimulation. The
level of STN activation was similar in both monkeys, but activation of pallido-thalamic fibers
differed substantially. Direct stimulation of the lenticular fasicuclus (LF) was strong in R370
and weak in R7160 (Fig. 3). The net effects of therapeutic stimulation on GPi spike firing and
bursting rates also differed between animals (Fig. 4). In both animals the mean discharge rate
of spike firing increased and the burst rate decreased; however, these changes were significant
only for R370. Thus, although both animals demonstrated significant improvement in
parkinsonian motor signs during DBS, the increase in mean discharge rate and reduction in
bursting activity in GPi was only significant for the animal with strong LF activation.

Effective versus Ineffective Stimulation
Stimulation with a voltage below the therapeutic level (ineffective stimulation) did not produce
any significant changes in the firing pattern of pallidal neurons. The population mean spike
firing rate in GPe during no stimulation compared to ineffective stimulation was 42.0 Hz ±3.0
and 38.8 Hz ±4.1, respectively and for GPi it was 59.4 Hz ±2.8 versus 61.7 Hz ±4.0,
respectively. Similarly, there was no significant change in the population mean burst rate during
no stimulation versus ineffective stimulation conditions in GPe (from 72.7 bursts/min ±7.0 to
72.2 bursts/min ±7.0) or GPi (from 101.4 bursts/min ±7.8 to 102.8 bursts/min ±8.3). However,
when comparing effective to ineffective stimulation parameters, significant changes were
observed. Table 1 shows a comparison for ineffective versus effective stimulation of the
proportion of GPe and GPi cells that had significant increases or decreases, or no significant
response. During ineffective stimulation most GPi cells (65%) did not have a significant change
in burst rate. During effective stimulation, however, there was a reduction in burst rate in a
significantly greater proportion of GPi cells (39% effective versus 16% ineffective, table 1).
Two additional measures of burstiness, percentage of spikes in bursts and percentage of time
in bursts, also decreased in a significantly greater proportion of GPi cells during effective
stimulation (Table 2). In addition to the fraction of cells affected, the size of the rate changes
due to stimulation measured in individual cells also differed between effective and ineffective
stimulation. The mean and distribution of rate changes in the GPi population were calculated
(Fig. 5). Effective stimulation resulted in smaller decreases in spike firing rate when decreases
were observed and larger increases. Similarly, burst rate increases were smaller and decreases
in burst rate were larger when they occurred. The distribution of observed rate changes in
individual cells during effective stimulation was significantly different than ineffective
stimulation for GPe and GPi, for both spike firing rate and burst rate.

Discussion
The overall effect of STN DBS on the GPi population was a significant increase in spike firing
rate and a decrease in burst rate. In GPe, the population mean spike firing rate and burst rate
both increased significantly. Therapeutic stimulation differed significantly from
subtherapeutic stimulation in several respects. Most notably, a greater proportion of GPe cells
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increased their average rate of spike firing and a greater proportion of GPi cells decreased their
average rate of burst firing. In addition, during therapeutic stimulation a significantly greater
proportion of GPi neurons also had a decrease in the percentage of spikes found in bursts and
a decrease in the percentage of time spent in bursts. Although both animals showed
improvement in parkinsonian motor signs, changes in rate and bursting activity in GPi were
significant only in one animal. Thus, the relative role of these changes in producing the
observed therapeutic effect is not well defined. We would predict that changes in GPi activity
would play a relatively greater role when compared to GPe in producing the therapeutic effect
given its position in the basal ganglia thalamocortical network. However, the reduction in burst
activity observed in GPi is likely only one of several critical physiological factors that are
modified during DBS that contribute to the alleviation of PD motor signs. In addition to changes
in mean discharge rate and bursting activity there are a number of other physiological
parameters that are altered in the parkinsonian state that may also contribute to the development
of parkinsonian motor signs and are affected by stimulation. These include changes in the
power and frequency of oscillatory activity, synchronization and receptive field characteristics
of neurons. One animal exhibited therapeutic improvement with stimulation that resulted in
changes in mean discharge rates and bursting. Those changes trend in the same direction as
the other animal, but did not reach significance. Based on this observation, our data provide
compelling evidence to suggest that changes in other physiological parameters may be equally
important in mediating the beneficial effects of DBS.

Different neuronal elements may be differentially affected by stimulation. Figure 3 illustrates
two major neural components that can be stimulated by DBS electrodes in the subthalamic
region. Projection neurons surrounding the DBS electrode may be directly excited or indirectly
inhibited by the applied electric field (McIntyre et al., 2004b; Miocinovic et al., 2006). Fibers
of passage coursing through the region of the electrode will also be activated by DBS (McIntyre
et al., 2004c; Miocinovic et al., 2006). Action potentials generated by DBS will propagate in
both an orthodromic and antidromic direction. Multiple pathways are likely to be involved in
modulation of pallidal activity by subthalamic DBS. Direct activation of STN output would
increase the excitatory synaptic drive on both GPe and GPi. Direct activation of the lenticular
fasiculus would generate antidromic invasion of GPi as well as orthodromic activation to the
pallidal receiving area of the motor thalamus. Stimulation induced trans-synaptic inhibition of
STN neurons (via direct activation of GPe afferent inputs into the STN) would reduce ambient
excitatory drive on the pallidum. At the same time, GPe afferents to the STN would be
antidromically activated. For a given pallidal neuron, the net effect of subthalamic DBS
depends on the particular spatial relationship of its afferents and efferents relative to the DBS
electric field. Since axonal trajectories are highly irregular, it is not surprising that DBS of the
subthalamic region does not have uniform effects on the individual cells of the pallidum.
Therapeutic stimulation may therefore depend on a combination of electrode position and
stimulation parameters such that a sufficient proportion of pallidal neurons are shifted away
from pathological firing patterns.

During effective stimulation, the overall GPi population is shifted to a pattern involving higher
spike firing rates, but less bursting. Interestingly, these shifts may be directly regulated by
activation of the lenticular fasicuclus (Miocinovic et al., 2006). Results from monkey R370
support this concept where strong electrophysiological changes in GPi and strong theoretical
activation of the lenticular fasicuclus were seen. On the other hand, results from monkey R7160
indicate that dynamic changes leading to therapeutic effects are possible through an alternative
mechanism as discussed above.

A popular hypothesis on the therapeutic mechanism of DBS is uniform regularization that
results in a reduction of the pathological content of the spike train (Montgomery and Baker,
2000; Vitek, 2002; Rubin and Terman, 2004; Grill et al., 2004; McIntyre et al., 2004a). If we
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use the argument that the coefficient of variation (CV) measures periodicity, then on average,
the periodicity of pallidal neurons did not significantly change during stimulation. A periodic
signal has a CV of 0 and a Poisson process has a CV of 1. The population mean CV for GPi
was near 1 before and during therapeutic stimulation. Still, the proportion of cells that
demonstrated an increase in periodicity, as indicated by a decrease in the CV, was significantly
increased to 67% during effective versus ineffective stimulation. The CV is not the only
measure of regularity. Neuronal responses of GPi neurons tend to occur at specific times
relative to the stimulation pulse, but may not occur with each stimulation pulse. Since pallidal
spike timing is driven by the stimulus timing, the summation of post-synaptic currents in the
thalamus may be made more regular even though GPi activity does not appear significantly
more periodic.

During therapeutic DBS, a marked reduction in the incidence of bursts and a reduced number
of spikes within each burst were observed. These pattern changes may have important
physiological implications for motor symptoms (Kaneoke and Vitek, 1996). A significant
decrease in burst frequency alone might be expected to result in a reduced CV. Large
differences between spike firing rates during bursts and between bursts can account for a large
overall CV (Gabbiani and Koch, 1998; Wilbur and Rinzel, 1983). However, the variation in
pallidal spike patterns in our data arises from irregular background firing between bursts more
than from a pronounced bimodal interspike interval (ISI) distribution due to bursting.
Therefore, a decrease in regular burst firing is not necessarily accompanied by a substantial
reduction in CV. In addition, any decrease in CV due to fewer bursts may be offset by an
increase from non-periodic spike series occurring in place of the bursts. A reduction in burst
frequency may instead have a post-synaptic impact that is distinct from dynamic changes due
to an output that is dominated by the timing of the stimulus pulse train and therefore more
regular.

The overriding goal of this analysis was to investigate whether a change in the rate and/or
bursting of pallidal neural activity could be consistently and significantly related to therapeutic
benefit. The quantitative analysis techniques used in this study did find statistically significant
changes in rate and bursting. In both animals, the greater GPi spike rate shifts observed during
effective stimulation compared to ineffective stimulation were accompanied by large decreases
in burst rate as well as the percentage of spikes in bursts and percentage of time in bursts. Shi
et al. (2006) measured changes in rate and bursting during behaviorally effective DBS in rat.
Mean firing rates in GP (rodent GPe) and SNr (output nucleus of BG along with GPi or EP in
rat) did not change significantly, though excitatory and inhibitory responses in individual cells
were reported. Bursting, measured during periods following the cessation of effective
stimulation, decreased in GP and did not change in SNr. It is unclear whether these differences
are attributable to differences in animal model or experimental methods.

Shi et al (2006) did not find mean rate changes in SNr and GP, even though behavioral
improvements were observed. Our analysis shows changes in GPe and GPi that accompanied
therapeutic stimulation. It is possible that microstimulation of the rat inhibits STN soma, either
directly or indirectly, but fails to activate a substantial proportion of STN efferents. Since
stimulation has the desired behavioral effect, this same stimulation presumably also activates
other pallidofugal pathways in the rat. Thalamic recordings in rat during similar experiments
could confirm this therapeutic mechanism. A second important factor that could explain these
results is the stimulation protocols used. Hashimoto et al (2003) used ∼30 second periods of
stimulation that were classified as either therapeutic or subtherapeutic. Shi et al (2006) used
20 second periods of stimulation that were further broken down in to 3 seconds on/2 seconds
off within each period. It is unclear what lingering effects on the dynamics of the network this
stimulation induces.
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Lesion data cast doubt on the therapeutic effect of spike rate increases; but based on these data
it would appear that changes in the incidence of bursting and burst characteristics may be one
physiological factor that plays an important role in eliciting the therapeutic benefits observed
with DBS. However, given that DBS is similarly effective with a wide range of stimulation
parameter settings and electrode locations within the brain, as well as the variety of
physiological changes that may be affected during stimulation, there are potentially multiple
combinations of pallidal firing pattern changes that could be induced by DBS to generate a
therapeutic outcome. This question can only be addressed with further investigation on a larger
number of animals.

The increase in rate and decrease in bursting observed in this study may have direct dynamic
consequences on thalamic targets and/or induce changes in network properties that rely on the
temporal and spatial precision of spike timing (Montgomery, 2005). Our observed reduction
in the burstiness of GPi spike trains supports each of these mechanisms. It remains uncertain
what properties of pallidothalamic activity are pathological in Parkinson’s disease, though
interference in thalamocortical circuits are likely (Magnin et al., 2000; Smith and Sherman,
2002; Rubin and Terman, 2004; Vitek and Giroux 2000). Preliminary analysis of thalamic
recordings from these same animals suggests that therapeutic STN DBS reduced bursting and
oscillatory activity in the pallidal receiving area (Xu et al., 2006). In turn, a more comprehensive
understanding of the network interactions induced by DBS is of great importance for the next
steps toward defining the therapeutic mechanisms of this powerful medical technology.
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Figure 1.
Changes in GPe spike train characteristics during effective stimulation. A) For each cell, feature
values before stimulation are plotted on the x-axis and during stimulation on the y-axis (R7160
- open diamond, R370 closed circle). B) Population mean feature values before and during
stimulation (* indicates significance; t-test, α=.05). The last two bars represent the mean change
in feature value for subpopulations of cells with a significant increase or decrease respectively.
C) Proportion of cells responding with a significant increase or decrease or no significant
change (number of cells given in parentheses).
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Figure 2.
Changes in GPi spike train characteristics during effective stimulation. A) For each cell, feature
values before stimulation are plotted on the x-axis and during stimulation on the y-axis (R7160
- open diamond, R370 closed circle). B) Population mean feature values before and during
stimulation (* indicates significance; t-test, α=.05). The last two bars represent the mean change
in feature value for subpopulations of cells with a significant increase or decrease respectively.
C) Proportion of cells responding with a significant increase or decrease or no significant
change (number of cells given in parentheses).
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Figure 3.
Impact of stimulation parameters on basal ganglia network components. STN efferents (top)
and GPi projection axons (bottom) activated in the model by effective stimulation parameters
for R7160 (A) and R370 (B) are shown in red. Inset shows stimulation parameters, contacts
and polarity used in vivo.

Hahn et al. Page 13

Exp Neurol. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Comparison of stimulation effects on GPi for individual subjects. Population mean spike firing
rate (A1,B1) and burst rate (A2,B2) before and during effective stimulation (* indicates
significance; t-test, α=.05) for cells from R7160 (A) and R370 (B).
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Figure 5.
Magnitude of changes in GPi firing patterns during effective and ineffective stimulation.
Comparison of mean change in spike firing rate (A1) and bursting rate (B1) (* indicates
significance; t-test, α=.05). The distribution of rate shifts was significantly different for all
categories (Kolmogorov-Smirnov, α=.05); shown is Combined for spike firing rate (A2) and
bursting rate (B2) during ineffective (dashed line) and effective (solid line) stimulation.
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Table 1
Comparison of population rate changes in response to effective and ineffective stimulation

GPe GPi
% Increased / % Decreased / % No change % Increased / % Decreased / % No change

Spike firing rate Ineffective
Effective

24 / 44 / 32
70 / 5 / 25 *

45 / 45 / 10
58 / 31 / 11

Bursting rate Ineffective
Effective

12 / 12 / 76
30 / 5 / 65

20 / 16 / 65
11 / 39 / 50 *

*
indicates significance, chi-square test, α=.05

Exp Neurol. Author manuscript; available in PMC 2009 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hahn et al. Page 17

Table 2
Comparison of population burst structure changes in response to effective and ineffective stimulation

GPe GPi
% Increased / % Decreased % Increased / % Decreased

% spikes in bursts Ineffective
Effective

62 / 38
60 / 40

57 / 43
28 / 72 *

% time in bursts Ineffective
Effective

50 / 50
65 / 35

63 / 37
33 / 67 *

*
indicates significance, chi-square test, α=.05
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