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Abstract

High-frequency deep brain stimulation (DBS) of the thalamus or basal ganglia represents an effective clinical technique for the treatment
of several medically refractory movement disorders. However, understanding of the mechanisms responsible for the therapeutic action of
DBS remains elusive. The goal of this review is to address our present knowledge of the effects of high-frequency stimulation within the
central nervous system and comment on the functional implications of this knowledge for uncovering the mechanism(s) of DBS. Four
general hypotheses have been developed to explain the mechanism(s) of DBS: depolarization blockade, synaptic inhibition, synaptic
depression, and stimulation-induced modulation of pathological network activity. Using the results from functional imaging,
neurochemistry, neural recording, and neural modeling experiments we address the general hypotheses and attempt to reconcile what
have been considered conflicting results from these different research modalities. Our analysis suggests stimulation-induced modulation of
pathological network activity represents the most likely mechanism of DBS; however, several open questions remain to explicitly link the

effects of DBS with therapeutic outcomes.
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1. Introduction

The modern era of deep brain stimulation (DBS) began in
the late 1980s with the pioneering work of Benabid and
colleagues at the University of Grenoble, France (Benabid
et al., 1987, 1991). Their realization that chronic high-
frequency stimulation (HFS) results in clinical benefits
analogous to those achieved by surgical lesioning trans-
formed the use of functional neurosurgery for the treatment
of movement disorders (Gross and Lozano, 2000). Thalamic
DBS for intractable tremor has virtually replaced ablative
lesions of the thalamus (Benabid et al., 1996). Moreover,
DBS of the subthalamic nucleus (STN) or globus pallidus
internus (GPi) has largely replaced pallidotomy in the
treatment of the cardinal motor features of Parkinson’s
disease (PD) (resting tremor, rigidity, bradykinesia)
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(Obeso et al., 2001). In addition, multiple pilot studies have
begun to examine the utility of DBS for dystonia (Coubes etal.,
2000; Yianni et al., 2003), epilepsy (Hodaie et al., 2002), and
obsessive-compulsive disorder (OCD) (Gabriels et al., 2003).

The general therapeutic stimulation parameters for DBS
(monopolar cathodic; 1-5 V stimulus amplitude; 60—-200
s stimulus pulse duration; 120—180 Hz stimulus fre-
quency) have been derived primarily by trial and error
(Rizzone et al., 2001; Moro et al., 2002; Volkmann et al.,
2002; O’Suilleabhain et al., 2003). This trial and error
selection of the stimulation parameters has been effective
because of the near immediate effects of DBS on the control
of tremor and parkinsonian motor symptoms. However, new
therapies utilizing DBS technology will not allow such ease
of titration. The beneficial effects of stimulation can take
weeks to months to manifest in dystonia and OCD, and it is
unclear what stimulation amplitudes, pulse durations, and
frequencies are most effective for these new therapeutic
directions. Therefore, future advances in DBS technology
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are dependent on addressing fundamental questions on the
therapeutic mechanism(s) of action (Montgomery and
Baker, 2000; Dostrovsky and Lozano, 2002; Vitek, 2002;
Mclntyre and Thakor, 2002).

Four general modalities: neural modeling, neural record-
ing, neurochemistry, and functional imaging, have been
employed to address the effects of DBS within the central
nervous system. Neural modeling experiments have been
conducted to address action potential generation directly
resulting from the stimulation (Grill and Mclntyre, 2001;
Mclntyre et al., in press). Neural recording experiments have
been conducted during and after HFS to address changes in
neuronal activity (Dostrovsky and Lozano, 2002; Anderson
et al., 2003; Hashimoto et al., 2003). Microdialysis
experiments have been conducted to address changes in
neurotransmitter levels (Bruet et al., 2001; Windels et al.,
2000, 2003), and in situ hybridization histochemistry has
been used to address changes in gene expression induced by
HFS (Salin et al., 2002). Functional imaging experiments
have been conducted to address the effects of DBS from a
systems level perspective by examining changes in cortical
activity induced by the stimulation (Zonenshayn et al., 2000).
When considered individually the results from these different
modalities have suggested mechanisms of action for DBS
that would appear mutually exclusive (Vitek, 2002).
However, when results from each modality are considered
together a more complete understanding of the effects of
DBS can be developed, with each line of study providing an
integral piece of the puzzle.

Understanding the effects of DBS presents investigators
with a paradox of how stimulation (traditionally thought to
activate neurons) can result in similar therapeutic outcomes
as lesioning target structures in the thalamus or basal
ganglia. In turn, there exist two strongly debated general
philosophies on the effects of DBS: (1) DBS generates a
functional ablation by suppressing or inhibiting the
stimulated nucleus or (2) DBS results in activation of the
stimulated nucleus that is transmitted throughout the
network. Based on these fundamental philosophies, 4
general hypotheses have been developed to explain the
mechanisms of DBS. (1) Stimulation induced alterations in
the activation of voltage-gated currents that block neural
output near the stimulating electrode (Depolarization
Blockade) (Beurrier et al., 2001). (2) Indirect regulation of
neuronal output via activation of axon terminals that make
synaptic connections with neurons near the stimulating
electrode (synaptic inhibition) (Dostrovsky et al., 2000). (3)
Synaptic transmission failure of the efferent output of
stimulated neurons as a result of transmitter depletion
(synaptic depression) (Urbano et al., 2002). (4) Stimulation-
induced modulation of pathological network activity
(Montgomery and Baker, 2000). While the therapeutic
mechanisms that underlie DBS most likely represent a
combination of several phenomena (Benabid et al., 2002;
Vitek, 2002), the goal of this review is to address which of
these general hypotheses best explains the available data

from functional imaging, neurochemistry, neural recording,
and neural modeling experiments.

2. Effects of DBS as revealed by neural modeling

Limitations in experimental techniques and the complex
response of neurons to extracellular stimulation, has hampered
our understanding of the effects of DBS. The use of multi-
compartment cable models of neurons coupled to extracellular
electric fields has provided the opportunity to study the effects
of stimulation on neural activity in a highly controlled
environment. The foundational principals of modeling
extracellular stimulation date back to McNeal (1976) and
have been used extensively in the study of peripheral nerve
stimulation (Rattay and Aberham, 1993). More recently,
investigations have addressed the biophysical mechanisms of
action potential initiation (API) during extracellular stimu-
lation within the central nervous system, as well as the effects
of changes in stimulus parameters on activation patterns
(Rattay, 1999; MclIntyre and Grill, 1999, 2000, 2002; Grill and
Mclntyre, 2001; McIntyre et al., in press).

To examine the effects of DBS, Mclntyre et al. (in press)
combined a finite element model of the electric field
generated by a DBS electrode and a multi-compartment
cable model of a thalamocortical (TC) relay neuron
(Fig. 1A). When stimulating with extracellular electrodes
it is possible to elicit both direct and indirect effects on local
cells. The direct effects occur as a result of the field
application to the neural membrane and result in regions of
depolarization and hyperpolarization along each neural
process (Rattay, 1986; McIntyre and Grill, 1999). The
indirect effects occur as a result of activation of afferent
inputs from the extracellular stimulus and their subsequent
synaptic action on local cells. Experimental and modeling
results have shown that afferent inputs have a low threshold
for activation during extracellular stimulation (Baldissera
et al.,, 1972; Jankowska et al., 1975; Gustafsson and
Jankowska, 1976; Dostrovsky et al., 2000; Mclntyre and
Grill, 2002). Therefore, the response of the TC relay neuron
was determined with a distribution of inhibitory and
excitatory synaptic conductances on the dendrites that
were activated in response to each stimulus in the train
(Mclntyre et al., in press).

Fig. 1 shows examples of the somatic and axonal firing of
TC relay neurons (tonic activity level of 33 Hz) before,
during and after a 500 ms train of ‘therapeutic stimulation’
(3 V cathodic stimuli, 0.1 ms in duration at 150 Hz). The
stimuli were supra-threshold for activation of the white
neuron 1.5 mm from the electrode generating axonal output
in a one-to-one ratio with the stimulus frequency while the
cell body showed suppression of activity (Fig. 1A). The
stimuli were sub-threshold for generation of efferent
output in the black neuron 2 mm from the electrode, and
resulted in suppression of the tonic activity during the
stimulus train in both the soma and axon (Fig. 1A). In both
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Fig. 1. Effects of DBS on model thalamocortical (TC) relay neurons. (A)
Neuron models drawn to scale and superimposed on the potential
distribution generated by the electrode model. Somatic and axonal
recordings of two tonically active TC relay neurons before, during and
after a 500 ms train of —3 V, 0.1 ms stimuli at 150 Hz (designated with
black bars). The stimulus was supra-threshold for direct activation of the
white neuron (1.5 mm from the electrode center), but sub-threshold for
direct activation of the black neuron (2 mm from the electrode center). Both
neurons received stimulation induced trans-synaptic inputs during the
stimulus train. (B) Human intra-operative recording of a thalamic neuron
before and after microstimulation (5 pA, 0.15 ms stimuli at 100 Hz)
through the recording electrode (Dostrovsky and Lozano, 2002). Modified
from Mclntyre et al. (in press).

cases, stimulation induced trans-synaptic inputs were applied
that resulted in a cascade of activity patterns following
termination of the stimulus train. First there was a rebound of
activity, followed by a period of quiescence (~650 ms),
followed by a return to 33 Hz firing. Recent experimental
recordings in humans have shown a very similar response in
thalamic neurons following cessation of short duration
high-frequency stimulus trains (Dostrovsky et al., 2002;
Dostrovsky and Lozano, 2002) (Fig. 1B).

These results show that DBS generates a complex pattern
of activation and inhibition in the local cells that surround
the electrode. The model predicts that the activity recorded
in the cell body is not necessarily representative of the
spiking output generated in the axon, and the efferent output
of local cells to DBS is dependent on the positioning of the
neuron with respect to the electrode. Our preliminary results
also suggest that the response of local cells to HFS is

relatively independent of the neuron type (i.e. TC relay
neurons, STN or GPi projection neurons, or motoneurons)
(McIntyre, unpublished observations). In turn, the modeling
data suggest that the majority of local cells within ~2 mm
of the electrode will generate efferent output at the stimulus
frequency when using therapeutic stimulation parameters
(Mclntyre et al., in press). However, neurons sub-threshold
for direct excitation will exhibit suppression of their
intrinsic firing patterns regulated by stimulation induced
trans-synaptic inputs.

3. Effects of DBS as revealed by neural recording

Due to the phenomenological similarity between the
effects of DBS and lesioning, it appears logical to assume that
DBS inactivates the structures being stimulated. However,
the neural recording literature on the effects of DBS fall into
two contradictory sets with one indicating that DBS inhibits
the stimulated nucleus and the other indicating that DBS
excites the stimulated nucleus. In vivo neural recordings
made in the stimulated nucleus show decreased activity
during and after HFS (Benazzouz et al., 1995, 2000; Boraud
etal., 1996; Dostrovsky etal.,2000; Wuetal.,2001; Taietal.,
2003). In vitro examinations of the effects of HFS show a
frequency dependent suppression of activity that coincides
with the frequency dependent therapeutic response of DBS
(Beurrier et al., 2001; Kiss et al., 2002; Magarinos-Ascone
et al., 2002; Garcia et al., 2003). However, based on the
concept of de-coupled somatic and axonal firing of projection
neurons during HFS, recordings from efferent target nuclei of
the stimulated nucleus may provide the most pertinent neural
recording data on the effects of DBS. In vivo recordings made
in efferent nuclei indicate that the output of the stimulated
nuclei is increased by DBS (Anderson et al., 2003;
Hashimoto et al., 2003; Maurice et al., 2003).

The work of Hashimoto et al. (2003) addressed the effects
of STN HFS on neuronal activity of the GPi and globus
pallidus externus (GPe) in non-human primates rendered
parkinsonian by the unilateral intracarotid administration
of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP). Following MPTP treatment, the monkeys
developed a stable hemi-parkinsonian state characterized by
contralateral rigidity and bradykinesia. A scaled down
version of the clinical Medtronic DBS electrode was
implanted in the STN and stimulation parameters were
determined that provided the greatest therapeutic benefit.

Neuronal activity was recorded extracellularly from the
GPe and GPi before, during and after therapeutic STN
stimulation. Simultaneous stimulation in STN and single
unit recording in GPi and/or GPe was accomplished using
template subtraction of the stimulus artifact (Hashimoto
etal., 2002). Peri-stimulus time histograms were constructed
and mean discharge rates were determined. The results
showed short-latency excitations at 2.5-4.5 ms and 5.5-7.0
ms after each stimulus pulse (Fig. 2). These short-latency



1242 C.C. MclIntyre et al. / Clinical Neurophysiology 115 (2004) 1239-1248

0.30
0.20

PSTH
(incidence/stim)

150
100
50

Firing rate (spikes/s)

0
0 10 20 30 40 50 60 70 80

(sec)

PSTH
(incidence/stim)

0.10
G() 7ms O 7ms
pre-stimulation  on-stimulation
250
200

0.20
0.15
0.10
0.05

0 0 7ms 0
pre-stimulation

] 7ms
on-stimulation

250
200
150
100
50
0

Firing rate (spikes/s)

0 10 20 30 40 50 60 70 80
(sec)

Fig. 2. Neural recordings during DBS. (A) Neuronal responses occurring during STN stimulation in a GPe cell. (B) Neuronal responses occurring during STN
stimulation in a GPi cell. A signal overlay of 100 sweeps was made by triggering at 10 ms intervals in the pre-stimulation period and by triggering on the
stimulation pulse in the on-stimulation period. Peri-stimulus time histograms (PSTH) were reconstructed from successive 7 ms time periods. The mean firing
rate was calculated every 1 s based on the PSTH to illustrate the time course of the firing rate. Modified from Hashimoto et al. (2003).

responses were present with stimulation parameters effec-
tive for the alleviation of rigidity and akinesia (bipolar
stimulation; 3 V; 136 Hz), and resulted in a significant
increase in the mean discharge rate and the development of a
more regular pattern of neuronal activity (Hashimoto et al.,
2003).

The experimental setting of Hashimoto et al. (2003)
closely reproduced the DBS system used in humans. Their
results demonstrate that stimulation of the glutamatergic
STN output produces short-latency excitatory responses that
tonically increased the average firing rate and altered the
pattern of neuronal activity in both GPi and GPe. In
addition, the recent results of Anderson et al. (2003), who
stimulated in the GPi and recorded in thalamus of non-
human primates, also found results consistent with acti-
vation of the GABAergic GPi output. Their results showed a
reduction in thalamic discharge frequency during GPi HFS
in 77% of the responsive thalamic cells. Taken together,
these data support the hypothesis that DBS increases the
output of the stimulated nucleus, which directly effects
neuronal activity in output nuclei.

4. Effects of DBS as revealed by microdialysis
and changes in gene expression

In vivo microdialysis and in situ hybridization histo-
chemistry have recently been employed to investigate the
cellular and molecular effects of DBS. High-frequency
stimulation of the STN of rats with or without 6-hydroxy-
dopamine-induced lesion of nigral dopamine (DA) neurons
has been used to quantify changes in the DA, glutamatergic,
and GABAergic systems of the basal ganglia. STN HFS has

been reported to increase striatal DA release and meta-
bolism in intact rats and in rats with partial lesion of nigral
DA neurons (Bruet et al., 2001; Meissner et al., 2002, 2003)
(Fig. 3). However, positron emission tomography (PET)

A. Control rats

g 300 = » 150 9
E
g DA B DOPAC
o o
8 3
] E
3 200 o 3 100 <
g 3
& H
5 ] 5 s
3 8
2 £
1 -]
g H
S S
. =
o T T T T T [ T T
13 48 78 10412 1315 13 46 79 1012 1315
SAMPLE NUMBER SAMPLE NUMBER
[ - 1 ] [ p— 1]
[— stw rosts mestm | stM | posranm
B. 6-OHDA Partially Lesioned rats
2 09 ? 450 -
z DA g DOPAC
z * =
8 8
g 5
3 200 * 3 100
2 =
u o
Q Q
& H
173 =
& &
- ™
o
3 1] % 0
F g
[
3 E
s ®
o T T T T T o T T T T
13 48 79 1012 1316 13 48 79 1012 1316
SAMPLE NUMBER SAMPLE NUMBER
s Ju— 1 [s J— 1
[ PR — mesw | stm postsnm

Fig. 3. Extracellular DA and DOPAC collected in striatum ipsilaterally to
stimulation in control (A) or in 6-OHDA partially lesioned rats (B).
Dialysate fractions were collected at 20 min intervals. Each bar represents
the mean of 3 successive dialysates = SEM expressed in percentage and
calculated from 12 control rats or 6 hemiparkinsonian rats. The fractions of
the pre-stimulation period were collected to ascertain basal values.
*P < 0.05, **P < 0.01. Modified from Bruet et al. (2001).
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studies of the D2/D3 ligand raclopride did not provide
evidence for increased striatal DA concentration under
effective DBS in patients with advanced PD (Hilker et al.,
2003). Therefore, modulation of dopaminergic activity may
not be a main mechanism of STN HFS action on
parkinsonian symptoms, at least in the later stages of the
disease when the number of intact DA neurons is
presumably too small to provide a clinically relevant
increase in striatal DA.

Dopamine denervation-mediated changes in the basal
ganglia include increased activity in STN, SNr, and GPi (or
rat EP) combined with decreased activity in GPe (or rat GP).
STN HEFES applied for 2 h in freely moving rats with prior
extensive DA denervation antagonized the DA lesion-
induced increase in SNr and EP activity as revealed by
GAD67 mRNA levels (Salin et al., 2002) (Fig. 4). These
effects can be compared to previous data showing that PD
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Fig. 4. Dark-field photomicrographs and quantitative analysis showing the
effects of high-frequency stimulation of the subthalamic nucleus on the
increase in GAD67 mRNA expression induced by 6-hydroxydopamine lesion
of nigral dopamine neuron in the substantia nigra pars reticulata (SNr) and
entopeduncular nucleus (EP). The photomicrographs concern the side
ipsilateral to surgery. Scale bar: 50 pm. Modified from Salin et al. (2002).

patients with subthalamotomy present a significant decrease
in glucose metabolism in SNr and GPi (Su et al., 2001) and
that STN lesion in experimental rat and primate models of
PD prevent changes in markers of neuronal activity in these
structures (Guridi et al., 1996; Delfs et al., 1995). Coupled
with the reduced gene expression of cytochrome oxidase
subunit I (marker of neuronal metabolic activity) in the STN
after STN HFS (Salin et al., 2002), this suggests that STN
lesion and STN HFS have similar effects.

However, several lines of evidence suggest the compari-
son between STN lesion and STN HFS is not especially
clear. First, STN HFS did not counteract the DA lesion-
mediated change in GAD67 gene expression in the GP
(Salinetal., 2002), a main target of STN projections. Second,
microdialysis studies have shown that STN HES in intact rats
increases extracellular glutamate levels in both SNr and GP
(Windels et al., 2000) (Fig. 5). These results support the
hypothesis that STN HFS increases STN glutamatergic
outflow, in compliance with the above neural modeling
(Fig. 1) and neural recording (Fig. 2) results. However, it
should be noted that the primary source of extracellular
glutamate is non-vesicular glutamate release from cystine-
glutamate antiporter (Baker et al., 2002), so the actual
contribution of synaptic release glutamate on the effects of
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Fig. 5. Extracellular glutamate collected in GP and SNr ipsilaterally to
stimulation in control (A) or in 6-OHDA totally lesioned rats (B). Dialysate
fractions were collected at 15 min intervals. Each bar represents the mean
of 4 successive dialysates = SEM expressed in percentage and calculated
from 12 control rats or 6 hemiparkinsonian rats. The fractions of the pre-
stimulation period were collected to ascertain basal values. *P < 0.05,
#%P < 0.01. Modified from Windels et al. (2000).
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STN HFS remains to be determined. Third, contrary to
STN HEFS, an STN lesion dramatically decreases extra-
cellular glutamate (Savasta, unpublished observation).
Finally, evidence has been provided that STN HES does not
significantly modify the DA lesion-induced increase in
extracellular glutamate levels in both SNr and GP, but resulted
in significantly increased GABA levels in the SNr selectively
(Windels et al., 2000; Savasta et al., 2002) (Fig. 6).

Recent microdialysis studies suggest the primary effects
of STN HFS may be related to the selective increase in
extracellular GABA levels rather than to glutamate-
mediated mechanisms. Lesioning the GP, which markedly
reduces extracellular GABA levels in SNr, suppressed
stimulation-evoked increases in GABA in both intact and
dopamine-depleted rats (Windels et al., 2002). These data
can be compared to the electrophysiological finding that
STN HFS increases the mean firing rate of GP neurons in the
rat (Benazzouz et al., 1995) and GPe neurons in the monkey
(Hashimoto et al., 2003). Windels et al. (2003) reported that
changes in extracellular glutamate and GABA occur at
frequencies above 60 Hz, corresponding to the frequency
range for therapeutic benefit in Parkinson’s patients (Moro
et al., 2002). The increase in extracellular GABA in SNr
was proportional to stimulus frequency from 60 to 350 Hz.
However, such a frequency response curve cannot solely be

explained by the increase of glutamate in GP activating the
inhibitory pallidonigral pathway because the glutamate
increase was maximal at 130 Hz. These results suggest that
the increasing effect on extracellular GABA in SNr was also
due to an increasing recruitment of GABAergic fibers that
run in close proximity to the STN. Thus, the effectiveness of
DBS may be dependent, in part, on activation of
GABAergic tracts close to STN. In summary, the neuro-
chemistry studies on the effects of STN HFS suggest a
complex cascade of events throughout the entire basal
ganglia network, many of which are not consistent with
results generated by an STN lesion.

5. Effects of DBS as revealed by functional imaging

DBS is ideally suited to functional imaging because it
generates consistent and controllable stimulation of the
brain that yields reproducible clinical effects. Over the last
10 years there have been several DBS-related PET studies,
and more recently functional magnetic resonance imaging
(fMRI) has also been employed (Zonenshayn et al., 2000;
Jech et al., 2001). The great benefit of functional imaging is
that data can be obtained from essentially the entire brain
simultaneously, thus providing a means for measuring
system level responses to changes in the experiment.
Advances in our understanding of the physiological basis
for fMRI and PET signals (Logothetis et al., 2001) present
the opportunity to critically address changes in neural
activity of DBS patients with and without stimulation.

There exists a long list of functional imaging studies that
have addressed the effects of DBS (see comprehensive
reviews by Zonenshayn et al., 2000; Carbon and Eidelberg,
2002; Ceballos-Baumann, 2003). However, 3 studies on the
effects of thalamic DBS in patients with essential tremor
(ET) have generated similar results and provide a funda-
mental first step in understanding the network effects
induced by DBS (Rezai et al., 1999; Ceballos-Baumann
et al., 2001; Perlmutter et al., 2002). Studying patients with
ET provides a standard control, as motor activity is identical
in the resting state with stimulation on or off. Therefore, this
experimental paradigm avoids interfering effects of rest
tremor in interpreting the hemodynamic changes that occur
with/without therapeutic stimulation. Each study found
increased cortical activity with the patient at rest during
application of therapeutic stimulation parameters, consistent
with activation of thalamic efferents during DBS. The fMRI
study of Rezai et al. (1999) found activation of thalamus,
basal ganglia, and somatosensory cortex. The PET study of
Ceballos-Baumann et al. (2001) found increases in motor
cortex and decreases in vestibular cortex, and the PET study
of Perlmutter et al. (2002) found activation of thalamus and
supplementary motor area. In agreement with the above
neural modeling, neural recording, and neurochemical data
these functional imaging studies suggest that DBS does not
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simply block the stimulated nucleus, but instead generates
efferent output that is transmitted to non-stimulated nuclei.

6. DBS mechanisms of action

Presently, there exist 4 general hypotheses to explain
the therapeutic mechanism(s) of DBS: Depolarization
blockade (Beurrier et al., 2001); Synaptic inhibition
(Dostrovsky et al., 2000); Synaptic depression (Urbano
et al., 2002); and Stimulation-induced disruption of
pathological network activity (Montgomery and Baker,
2000). Depolarization blockade and synaptic inhibition
represent attractive hypotheses to explain the similarity
between the therapeutic benefit of ablation and DBS for the
treatment of movement disorders. Recordings representa-
tive of somatic activity in the stimulated nucleus support
both of these hypotheses (Benazzouz et al., 1995, 2000;
Boraud et al., 1996; Dostrovsky et al., 2000; Bikson et al.,
2001; Beurrier et al., 2001; Kiss et al., 2002; Magarino-
s-Ascone et al., 2002; Lian et al., 2003). However, the
limitation of the depolarization blockade or synaptic
inhibition hypotheses is that they do not take into account
the possible independent activation of the efferent axon of
projection neurons. Theoretical results show suppression of
somatic activity but high-frequency axonal output during
DBS of projection neurons (MclIntyre et al., in press).
Strength-duration results suggest DBS mainly acts upon
axonal elements (Holsheimer et al., 2000a,b; Kiss et al.,
2003). And, in vivo experimental recordings in efferent
nuclei show high-frequency inputs during DBS (Anderson
et al., 2003; Hashimoto et al., 2003). Therefore, while
synaptic inhibition and/or depolarization blockade may
play a role in the suppression of somatic activity, the
functional output of projection neurons during DBS does
not appear to be primarily mediated by these phenomena.

Y

The concept of de-coupled somatic and axonal activity
during HFS provides a resolution to conflicting neural
recording results and is supported by two fundamental
effects of extracellular stimulation. First, action potential
initiation from extracellular stimulation occurs in the
axon (Nowak and Bullier, 1998a,b; MclIntyre and Grill,
1999). In general, cathodic stimuli generate membrane
depolarization in regions near the electrode and membrane
hyperpolarization in regions that flank the region of
depolarization. However, because of the 3D branching and
termination patterns of the dendritic arbor, soma-dendritic
complexes near the electrode exhibit both depolarization and
hyperpolarization (MclIntyre et al., in press). Depending on
the neuron’s orientation and positioning with respect to the
electrode, it is common for the cell body to be directly
hyperpolarized by the stimulus pulse. However, the first few
nodes of Ranvier are typically depolarized by the stimulus
pulse because of the short internodal spacing of the axon
compared to the spatial distribution of field generated by DBS
electrodes (Mclntyre et al., in press). In turn, action potential
initiation occurs in the axon. The second effect of
extracellular stimulation that supports the de-coupling of
activity in the axon and cell body during HFS is the activation
of trans-synaptic inputs. The threshold for activation of
axonal terminals (or afferent inputs) projecting to the region
around the electrode is lower than the threshold for direct
activation of local cells. Summation of an overall inhibitory
synaptic effect on the cell body can suppress somatic firing
(Dostrovsky et al., 2000). However, because action potential
initiation occurs in the axon, the efferent output of neurons
supra-threshold for direct activation by the applied field are
relatively unaffected by the trans-synaptic inhibition.

How then can stimulation that results in efferent output of
neurons around the electrode mimic the therapeutic effects
of ablation? One possibility is that neurons activated by the
stimulus train are unable to sustain high-frequency action on

GPe STN GPi
- High frequency GLU inputs - Somatic firing suppressed - High frequency GLU inputs
from activated STN neurons throughout nucleus | from activated STN neurons
- Antidromic activation via - High frequency efferent out- - GABA inputs from GPe
stimulation of axon terminals put generated in STN neurons - Axonal activation via current
in STN??? near electrode spread to H2???

(I)

(l)

Subthalamic
Nucleus

Afferent Input

Volume 1 - Activation

Projection Neuron
of Projection Neurons

To GPi & GPe

Volume 2 - Activation
of Afferent Inputs

From GPe
Volume 3 (V2-V1) - Inhibition
of Projection Neurons

Fig. 7. Hypothetical summary of the effects of STN DBS. See text for details. (Top) network summary of stimulation effects induced in the subthalamic nucleus
(STN), external segment of the globus pallidus (GPe), and the internal segment of the globus pallidus (GPi). This list is highly simplified and not exhaustive of
present knowledge. (Bottom) pictorial summary of the stimulation effects generated in STN.
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efferent targets due to depletion of neurotransmitter
(Synaptic Depression) (Wang and Kaczmarek, 1998;
Zucker and Regehr, 2002; Urbano et al., 2002). However,
several in vivo experimental studies have shown increases
in transmitter release and sustained changes in firing of
neurons in efferent nuclei consistent with activation of
neurons around the electrode and subsequent synaptic
action on their target during HFS (Windels et al., 2000,
2003; Anderson et al.,, 2003; Hashimoto et al., 2003).
Therefore, the only general hypothesis on the mechanisms
of DBS that is consistent with all of the available data on the
effects of DBS is stimulation-induced modulation of
pathological network activity.

Fig. 7 shows a hypothetical summary of the effects of
STN DBS. Within STN there exist two general volumes of
activation induced by the applied field. The smaller volume
1 represents the activation of projection neurons. The
larger volume 2 represents the activation of afferent inputs.
The difference of these two volumes represents a volume
of projection neurons, subthreshold for direct activation by
the applied field, suppressed by the stimulation induced
trans-synaptic inputs. However, most projection neurons
within volume 2 will exhibit suppression of somatic firing
independent of their efferent output. As a result of STN
stimulation GPe and GPi will receive high-frequency
glutamatergic inputs. It is also possible that a large number
of GPe neurons will be antidromically activated via
stimulation of their afferent inputs in STN. In addition,
spread of the stimulation to the lenticular fasciculus (H2) and
activation of GPi axons would be likely with electrodes in the
dorsal STN. In turn, STN DBS should generate network wide
changes in neural activity. However, while DBS may
override pathological activity patterns, the activity patterns
induced by DBS are not normal. Therefore, it remains an
open question to link the effects of DBS with explicit
therapeutic mechanisms. Nonetheless, while ablation and
DBS result in similar therapeutic outcomes, it is likely that
they achieve their results via different mechanisms.
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