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Abstract

Deep brain stimulation (DBS) has provided remarkable benefits for people with a variety of
neurologic conditions. Stimulation of the ventral intermediate nucleus of the thalamus can
dramatically relieve tremor associated with essential tremor or Parkinson disease (PD). Similarly,
stimulation of the subthalamic nucleus or the internal segment of the globus pallidus can
substantially reduce bradykinesia, rigidity, tremor, and gait difficulties in people with PD.
Multiple groups are attempting to extend this mode of treatment to other conditions. Yet, the
precise mechanism of action of DBS remains uncertain. Such studies have importance that extends
beyond clinical therapeutics. Investigations of the mechanisms of action of DBS have the potential
to clarify fundamental issues such as the functional anatomy of selected brain circuits and the
relationship between activity in those circuits and behavior. Although we review relevant clinical
issues, we emphasize the importance of current and future investigations on these topics.
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INTRODUCTION

Deep brain stimulation (DBS) has provided dramatic clinical benefit for people with
essential tremor (ET) and Parkinson disease (PD). Placement of high frequency stimulating
electrodes in the region of the ventral intermediate nucleus of the thalamus (VIM) can
markedly reduce tremor in these conditions, and stimulation of either the subthalamic
nucleus (STN) or the internal segment of the globus pallidus (GPi) may not only reduce
tremor, but also decrease bradykinesia, rigidity, and gait impairment that plague people with
PD. Furthermore, many have touted the potential benefit of DBS of selected brain regions
for other movement disorders such as dystonia or Tourette syndrome, as well as a variety of
disorders such as pain, depression, and obsessive compulsive disorder (OCD). Despite these
realized and potential advances in treatment, controversy swirls around a humber of
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clinically relevant and basic mechanistic issues. What conditions are amenable to treatment
by DBS? What are the mechanisms of action of DBS? What effect does DBS have on the
function of brain circuits? We address these controversial issues and emphasize the need for
future investigations. To set the stage, however, we first review the history of the
development of DBS as a therapeutic tool.

HISTORY OF DEEP BRAIN STIMULATION

Ever since Fritsch & Hitzig’s (1870) classical demonstration of the localized electrical
excitability of the motor cortex, electrical stimulation of the brain has played a major role in
investigations of brain function. The first report of human cortical stimulation appeared four
years later (Bartholow 1874). Although electrical stimulation was used to map cortical
function in the 1930s (Penfield & Boldrey 1937), it was not until human stereotaxic devices
were developed that neurosurgeons could begin to investigate the effects of stimulating
deeper structures (Spiegel et al. 1947). By the early 1950s, intraoperative stimulation was
used to identify deep structures such as the corticospinal tract prior to lesioning the globus
pallidus or thalamus (Spiegel & Wycis 1952). Most reports in the 1950s focused on positive
phenomena that were elicited by stimulation. In the early 1960s, it was reported that high-
frequency (100-Hz) stimulation of the ventrolateral thalamus could diminish tremor (Hassler
et al. 1960, Ohye et al. 1964).

The idea of treating neurologic disorders with chronic stimulation began to emerge in the
1960s, but stimulation was largely used for targeting surgical lesions (Bergstrom et al.
1966). Sem-Jacobsen (1966) developed a method of implanting a bundle of multiple
electrode wires deep in the brain and leaving them in place for weeks, during which
stimulation could be delivered. The goal of the stimulation was to delineate the “best” target
for a subsequent lesion. With the implanted wires, a lesion could be made in small steps
over a span of days to weeks to try to achieve maximum benefit without untoward effects.
Although the goal was still lesion guidance, this is perhaps the earliest report of stimulation
through chronically implanted electrodes.

In the early 1970s, reports of using chronic stimulation therapeutically emerged for treating
pain (Hosobuchi et al. 1973), movement disorders, or epilepsy (Cooper 1973). Cooper et al.
(1976) published the first large series of chronic cerebellar stimulation studies for cerebral
palsy. In those cases, stimulation was delivered transcutaneously through inductive coupling
devices to electrodes implanted on the surface of the cerebellar cortex. Benefit was said to
occur in 49 of 50 patients. However, cerebellar stimulation in cerebral palsy eventually fell
out of favor when blinded studies failed to show consistent benefits (Penn 1982). By 1980,
other reports of treating movement disorders with chronic stimulation had appeared (Brice
& McLellan 1980).

Although the first long-term internally implanted cardiac pacemaker was developed by
1960, it was not until the 1990s that implantable pacemaker technology was combined with
chronically implanted deep brain electrodes for long-term chronic DBS (Benabid et al. 1991,
1996). Since then, DBS has become increasingly used for treating a variety of disorders.
These are summarized briefly in the section below.
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CLINICAL APPLICATIONS OF DEEP BRAIN STIMULATION

Deep Brain Stimulation for Essential Tremor

The first widespread use of DBS in the United States and Europe was for the treatment of
ET or the tremor of PD. Benabid and colleagues (1991) first reported the efficacy of VIM
stimulation with implantable pulse generators. Subsequently, they reported a larger series of
patients with VIM stimulation for the treatment of tremor, with significant benefit in the
majority of patients (Benabid et al. 1996). Subsequent single and multicenter studies have
consistently reported substantial benefit of VIM stimulation for ET with an average tremor
reduction of over 80% in the majority of patients (Koller et al. 1999a, Ondo et al. 1998,
Rehncrona et al. 2003).

Deep Brain Stimulation for Parkinson Disease

Different sites of stimulation provide different clinical effects in PD. Thalamic stimulation
in the region of the VIM may reduce limb tremor (Kumar et al. 2003, Putzke et al. 2003) but
has little effect on other manifestations of the disease (Benabid et al. 1996). Stimulation of
the GPi may reduce all of the major motor manifestations of PD, including the reduction of
dopa-induced dyskinesias, involuntary movements produced by individual doses of
dopaminergic medications that can limit treatment efficacy (Anderson et al. 2005, Peppe et
al. 2001). GPi stimulation also may reduce painful cramps and sensory symptoms that may
occur when the benefit from individual doses of levodopa abates (Loher et al. 2002).
However, GPi stimulation does not typically permit the reduction of medication, and this
may be a serious limitation for those having drug-induced side effects such as orthostasis,
psychosis, daytime lethargy, or cognitive impairment. STN DBS provides similar reduction
of motor symptoms (Benabid et al. 1998; Burchiel et al. 1999; Koller et al. 1999b, 2000b,
2001; Kumar et al. 1998b; Taha et al. 1999). Several studies indicate that bilateral STN DBS
improves gait, tremor, and bradykinesia (Bastian et al. 2003; Kumar et al. 1998a, 1999b;
Rizzone et al. 2002; Ferrarin et al. 2005) and also permits the reduction of dopaminergic
medications leading to fewer drug-induced adverse events (Kumar et al. 1998a, 1998b; Nutt
et al. 2001; Pollak et al. 2002; Russmann et al. 2004). Direct, uncontrolled comparisons of
GPi DBS with STN DBS have been done (Volkmann et al. 2001), but a preliminary report
of a controlled comparison of the benefit from GPi DBS versus STN DBS (Anderson et al.
2005) confirms the comparable clinical benefit from stimulation at either site with little
change in preoperative medications in the GPi group as opposed to the STN group.

The degree of benefit from STN DBS or GPi DBS does not usually exceed that found from
individual doses of levodopa in each patient (Pahwa et al. 2005), but DBS affords two main
advantages: (a) It reduces the time a patient spends in the “off” state when the benefit from
an individual dose of medication has diminished—for some this off state leaves a person
slow, shaky, stiff, and unable to rise from a chair, and (b) it permits the reduction of
medications and their attendant untoward effects (Jaggi et al. 2004). The benefit from
surgery appears sustained for at least 4 years (Rodriguez-Oroz et al. 2004, Visser-
Vandewalle et al. 2005) although some complications appear to be cumulative (Lyons et al.
2004). Several studies have demonstrated an improved quality of life from STN DBS
(Diamond & Jankovic 2005, Lyons & Pahwa 2005). The best candidates for DBS are those
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with a short duration of benefit from individual doses of levodopa, those who have a
substantial motor benefit from oral medication, and those who may be limited by dopa-
induced side effects. Cognitive impairment such as disorientation or memory deficits may be
exacerbated by DBS and is a relative contraindication for the procedure.

Interestingly, STN DBS may impair certain aspects of cognitive processing. Stimulation
settings optimized for motor benefit may impair spatial delayed recall or response inhibition
(Hershey et al. 2004). Others have found STN DBS may improve some executive functions,
whereas GPi DBS may produce deleterious effects (Jahanshahi et al. 2000). However,
relatively simple cognitive tasks may be unchanged or improved by STN DBS, whereas
more difficult demanding tasks could be impaired (Hershey et al. 2004). Socially important
activities such as the identification of the emotional tone of an angry face may be impaired
(Schroeder et al. 2004). STN DBS also may produce untoward emotional responses,
including manic responses (Herzog et al. 2003), hallucinations (Diederich et al. 2000),
decreased mood (Berney et al. 2002), and yet at other times may provide an antidepressant
effect (Takeshita et al. 2005).

Deep Brain Stimulation for Dystonia

With the emergence of DBS for treating PD and tremor, there was a natural temptation to try
it for dystonia. Stereotaxic ablations of the globus pallidus or thalamus had been used for
many years in the treatment of medically refractory generalized dystonia; however, their
performance was not widespread. Early reports of DBS for dystonia involved the thalamus
(Sellal et al. 1993) and the globus pallidus internal segment (Kumar et al. 1999a). With the
increasing success of pallidotomy for generalized dystonia caused by the DYT1 mutation,
the globus pallidus became the primary target for primary dystonia, but the thalamic target is
still used (Eltahawy et al. 2004, Lozano et al. 1997, Vitek et al. 1998, Yoshor et al. 2001). In
a recent controlled trial of pallidal DBS in 22 patients with primary generalized dystonia,
there was a 30%-50% improvement in symptoms (Vidailhet et al. 2005). Uncontrolled trials
have also produced promising results for primary generalized dystonia (Coubes et al. 2004).
Smaller series of case reports have suggested potential efficacy for treating primary cervical
dystonia (Kiss et al. 2004) and some forms of secondary dystonia (Castelnau et al. 2005).
Although DBS for treating dystonia requires further investigation, early results are
promising.

Deep Brain Stimulation for Tourette Syndrome

There have been a few recent reports of DBS for Tourette Syndrome (Diederich et al. 2005,
Temel & Visser-Vandewalle 2004). The centromedian-parafascicular complex of the
thalamus has been targeted bilaterally in the majority of those cases (Houeto et al. 2005,
Visser-Vandewalle et al. 2003), but the GPi (Diederich et al. 2005, Houeto et al. 2005) and
the anterior limb of the internal capsule (Flaherty et al. 2005) also have been targeted. To
date, six cases of DBS for Tourette Syndrome have been published, and there are
insufficient data to compare efficacy across targets. However, all patients have had some
degree of tic reduction with DBS in these targets.
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Deep Brain Stimulation for Pain

DBS has been used for more than 50 years to treat a variety of intractable pain syndromes,
including neuropathic pain, phantom-limb pain, failed low back pain, and cluster-headache
pain. A variety of papers based on anectodal experience or open-label studies suggest DBS
provides short- or long-term benefit in a variety of these syndromes (Tasker & Vilela 1995).
The benefit varies depending upon length of follow-up, the condition treated, the definition
of adequate pain relief, and the site of stimulation (Bittar et al. 2005). Sites of stimulation
have varied from the sensory thalamus to the periaquaductal gray, periventricular gray,
posterior hypothalamus (Franzini et al. 2003), internal capsule (Kumar et al. 1997), and the
motor cortex (Tirakotai et al. 2005). Some believe that stimulation of the periaquaductal
gray or periventricular gray is particularly efficacious for nociceptive pain, whereas DBS of
the sensory thalamus is more effective for deafferentation pain (Levy et al. 1987). A study in
six patients with cluster headaches suggested that DBS of the ipsilateral ventroposterior
hypothalamus reduces cluster headache attacks, but one of the patients died from a
perisurgical intracerebral hemorrhage (Schoenen et al. 2005). Clearly the risk is not benign.
Higher points of stimulation such as cortical targets may be more likely to reduce pain in
poststroke pain syndromes based on open-label reports (Katayama et al. 2001b). Similarly,
DBS of the thalamus may reduce pain in phantom-limb syndrome based on open-label
evaluation (Katayama et al. 2001a). Interestingly one study used functional magnetic
resonance imaging (fMRI) to identify activation in the posterior inferior hypothalamus in
people with facial pain associated with short-lasting unilateral neuralgiform headache
attacks with conjunctival injection and tearing and then targeted DBS in that area to provide
pain relief for those patients (Leone et al. 2005). Mapping evoked responses to painful
stimuli may be a way to identify nociceptive cells in the brain that could be appropriate
targets for a site of DBS to relieve that type of pain (Hanajima et al. 2004, Pralong et al.
2004). Similarly local field potential responses associated with pain and recorded at the time
of surgery may predict stimulation variables that relieve pain (low frequency relieved pain;
greater than 50 Hz) (Nandi et al. 2003).

Deep Brain Stimulation for Depression and Obsessive Compulsive Disorder

Although the studies are currently limited, DBS may in the future play a role in the
treatment of refractory depression. A recent study found that DBS of the subgenual
cingulate white matter improved mood in four of six people with treatment-resistant
depression (Mayberg et al. 2005). The investigators targeted this region because they had
previously demonstrated increased fluorodeoxyglucose (FDG) uptake measured with
positron emission tomography (PET) in this area in people with depression. A single case
report suggested stimulation of the inferior thalamic peduncle also may relieve depressive
symptoms (Jimenez et al. 2005). Some have suggested the improvement of quality of life
produced by STN DBS in patients with PD is primarily a reflection of the reduction of
depression rather than the improvement in motor symptoms (Troster et al. 2003).

DBS of the bilateral anterior limbs of the internal capsules may reduce symptoms in OCD as
found in three patients in one study (Gabriels et al. 2003). Another small, short-term,
blinded study reported that two of four patients with OCD had either dramatic or moderate
benefit after stimulation of the anterior limb of the internal capsule (Abelson et al. 2005). An
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open-label study found improvement of OCD in three of four patients (Cosyns et al. 2003).
Stimulation of the ventral caudate nucleus relieved depressive and OCD symptoms in an
open-label case report of a single patient (Aouizerate et al. 2005).

NEUROPHYSIOLOGY OF DEEP BRAIN STIMULATION

Electrical stimulation of the brain has been shown to influence a variety of mechanisms
involved in neuronal function and signaling. The sensitivity of different elements depends
on the amplitude and temporal characteristics of the stimulation, physiologic properties of
individual cells, geometry of the stimulus field, geometry of the stimulated elements, and
possibly the underlying pathophysiology of different disease states. No single mechanism
has emerged to account for the effect of DBS in different brain regions and in different
diseases. However, it is becoming increasingly clear that different types of central nervous
system (CNS) neurons possess different types of ion channels that may have different
voltage-sensitive activation and inactivation properties. Therefore, the effect of DBS on
neurons in different nuclei may be quite different. Nonetheless, the net effect resulting from
different mechanisms may be comparable.

What elements of the CNS are affected by DBS under the usual clinical conditions?
Although there are few data from human studies, general principles from work in other
animals likely apply with few modifications. Ranck (1975) outlined many of the primary
principles. One of the most important principles is the relationship between stimulus
amplitude and duration. Weiss (1901) first described this relationship over 100 years ago. As
current amplitude decreases, duration must increase to produce a constant effect. Similarly,
as duration decreases, amplitude must increase to produce the same effect. For most neural
elements, the form of the amplitude-duration curve is usually an exponential decay. The
amplitude asymptote (threshold) at very long durations is called the rheobase. The
relationship between the amplitude and pulse width is described by the following equation:

Ith:Irh (l+Tad/PW) 5

where ly, is the threshold current, I, is the rheobase, t,q is the chronaxie, and PW is the
pulse width (duration). The chronaxie distinguishes different types of neural tissues or
elements. The larger the chronaxie, the higher the current or pulse width must be to activate
the neuronal element.

The chronaxie is substantially different for myelinated axons than for dendrites or cell
bodies. Large myelinated CNS fibers have chronaxies of 30-200 ps, whereas the chronaxie
of dendrites and cell bodies may be in the 1-10-ms range (Ranck 1975). Comparable
findings come from rat visual cortex where the chronaxie was 271 s for subcortical white
matter, 380 s for cortical gray matter, and 15 ms for cortical cell bodies (Nowak & Bullier
1998a). Thus, with usual stimulation parameters, postsynaptic responses from electrical
stimulation of the cortical gray matter result from the activation of axons (initial segments or
branches) rather than from cell bodies. These findings were confirmed and extended with
experiments inducing depolarization block in cell bodies and the adjoining initial axon
segment. Even when cells were blocked with NMDA-induced depolarization, stimulation in
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the neocortex elicited orthodromic reponses that were only reduced by 15%-20% from the
control condition. Thus, postsynaptic effects of cortical stimulation are likely to result
primarily from the activation of efferent axons (Nowak & Bullier 1998b). A study to
determine chronaxies in human VIM and GPi based on clinical efficacy found comparable
results and suggested the effect of VIM DBS and GPi DBS is most likely mediated through
afferent and efferent axons rather than through stimulation of cell bodies (Holsheimer et al.
2000).

The orientation of the cell body and axons in relation to current flow is an important
determinant of responsiveness (Ranck 1975). For axons, the voltage gradient parallel to the
axon is most important for eliciting a response. Gray matter and white matter have different
resistivities as do myelinated and unmyelinated fibers. Thus the response to stimulation in a
nucleus containing a mixture of elements is likely to be complex depending on the geometry
of the neural elements, the stimulating electrode configuration, and the nucleus.

A final factor in determining responsiveness is the distance of the neural element from the
electrode. Rheobase and chronaxie rise in proportion to the distance from the electrode
(Holsheimer et al. 2000, Weiss 1901). Furthermore, currents from monopolar cathodes more
than eight times threshold may block action potentials in axons. Thus at high currents nearby
elements may be blocked, and distant elements may not receive sufficient stimulation, but
elements in a intermediate “shell” will be activated.

The response to high-frequency stimulation in the context of therapeutic DBS has been
studied most extensively in the ventral tier nuclei of the thalamus, theSTN, and the globus
pallidus. Studies have suggested the physiologic response to high-frequency stimulation may
differ across nuclei.

Ventral Thalamic Nuclei

The cerebellar afferent receiving zone of the thalamus (human VIM nucleus) has been the
primary target for the treatment of tremor (Benabid et al. 1996) (Figure 1). These nuclei
receive excitatory glutamatergic afferents from the deep cerebellar nuclei (Asanuma et al.
1983, Kultas-1linsky & llinsky 1991), excitatory glutamatergic afferents from the cerebral
cortex (Bromberg et al. 1981), and inhibitory GABAergic inputs from the reticular nucleus
of the thalamus (Ambardekar et al. 1999, Ilinsky et al. 1999). In some species, they also
receive inputs from GABAergic inhibitory interneurons (Kultas-1linsky et al. 1985). The
output from these nuclei primarily targets motor areas of cerebral cortex (Hoover & Strick
1999, Strick et al. 1993) but has also been shown to project to striatum (Hoshi et al. 2005,
McFarland & Haber 2001). Thus, although it is common to view VIM as a simple relay for
information from the cerebellum to cerebral cortex, the synaptic connections are complex
and DBS likely influences multiple elements.

Rodent in vitro thalamic slice preparations—To investigate the cellular mechanism
by which DBS might work, Kiss and colleagues have employed a slice preparation from rat
thalamus (Anderson et al. 2004, Kiss et al. 2002). The rat homologues of human VIM are
the ventrolateral and ventroposterior nuclei. Using simulated DBS (sDBS) with variables
comparable with that used in human DBS, Kiss et al (2002) have shown the effect of
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stimulation of ventral lateral ventral posterior thalamic nuclei (VL-VP) on neurons is both
amplitude and frequency dependent. Response to stimulation was seen at frequencies above
20 Hz, it increased with increasing stimulation frequency, and it reached a maximum at 200
Hz. This is comparable with the frequency response characteristics of VIM DBS for ET
(Ushe et al. 2004). When rhythmic pulse trains were injected into VL-VP neurons to
simulate tremor-like bursting, SDBS eliminated the rhythmic firing (Kiss et al. 2002). At
moderate currents, the rhythmic firing was replaced by nonrhythmic firing, but higher
currents induced block and eliminated firing.

Using bipolar stimulation with parameters to mimic DBS (125 Hz, 60-ps pulse width) and
limit current spread to the VL-VP thalamus, 10-s trains of SDBS induced depolarization in
VL-VP neurons (Anderson et al. 2004). For each neuron, the time course of the
depolarization followed one of two pattern types. Type | (43 of 62 neurons) quickly reached
a depolarization plateau and began to repolarize after 1 s with a moderate sustained
depolarization of 8.2 £ 6.1 mV with no spike activity and no apparent excitatory
postsynaptic potentials (EPSPs) after the initial depolarization. Type Il (19 of 62 neurons)
quickly reached a depolarization plateau but did not repolarize and maintained a larger
plateau potential (28.8 £ 8 mV). Action potential occurrence in Type Il responses was
variable, usually with a period of quiescence followed by reemergence of firing. If stimulus
trains were prolonged, both types of responses were maintained for up to 5 min of sDBS.
Type | and Type |1 responses were thought to occur in the same cell type because the rat
ventral thalamus is made of a homogeneous population of cells. Changing the stimulation
current did not convert one response type to the other, and there was no relationship between
response type and current amplitude or distance from stimulating electrode. Both types of
depolarization responses were blocked by tetrodotoxin, kynurenate, or a mixture of 2-
amino-5-phosphonovaleric acid or 6,7-dinitroquinoxaline-2,3-dione. The blockade of
presynaptic Ca2* channels similarly blocked the depolarization response to SDBS. There
was no effect of GABA blockade on either type of response. Thus, the depolarization
response is dependent on action potential generation and glutamate neurotransmission via
ionotropic receptors. The difference between Type | and Type |1 responses might reflect
differences in the proportion of cortical and cerebellar afferents to individual cells in the
slice preparation. The apparent lack of EPSPs during Type | responses suggests there might
be a functional deafferentation. Type Il responses would be associated with the loss of any
rhythmic firing and might represent a mechanism by which pathological signals would be
disrupted.

In addition to activating excitatory presynaptic terminals, SDBS in rat thalamic slice also
produced increased excitability of thalamic neurons (Anderson et al. 2004). The threshold
for triggering Na*-dependent action potentials was decreased by sDBS, even in the presence
of ionotropic glutamate blockade, causing a 30% increased probability of firing action
potentials in response to injected depolarizing currents. The decreased threshold was not a
result of changes in membrane resistance. These nonsynaptic effects were dependent on
current and distance from the stimulating electrode. Thus, regardless of presynaptic effects,
the increased excitability of cell bodies suggests there also may be increased excitability of
efferent axons.
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The limitations of the rat thalamic slice preparation include the following: (a) spontaneous
afferent activity is lost; (b) any pathological changes associated with neurologic disorders
will not be represented; and (c) GABAergic inhibitory interneurons are present in human but
not rat thalamus. The absence of inhibitory synaptic influences in the rat may limit the
ability to extend these findings to human thalamus. In a preliminary report of human VIM
neurons, 1-s trains of microstimulation at 100-300 Hz induced prolonged inhibition in 40%
of recorded neurons (Dostrovsky et al. 2002). The inhibition was more common in neurons
that were firing in bursts. The field of microstimulation effect is likely to be substantially
smaller than that of typical DBS, and there is possibly a higher probability of activating
local inhibitory neurons than excitatory afferents with microstimulation. Nonetheless, in
VIM DBS, inhibitory synaptic mechanisms may be important contributors to the local
effects of stimulation.

Subthalamic nucleus: The STN has become the most commonly used target for DBS in the
treatment of PD (Rodriguez-Oroz et al. 2004) (Figure 1). The STN is an important node in
basal ganglia circuits, serving as a major target for cortical afferents and also receiving
multiple inputs from other basal ganglia components (Mink 1996, Parent & Hazrati 1995).
The STN receives glutamatergic excitatory afferents from the frontal lobe of the cerebral
cortex (Monakow et al. 1978, Rouzaire-Dubois & Scarnati 1987), GABAergic inhibitory
afferents from the globus pallidus external segment (Bolam et al. 2000, Rouzaire-Dubois et
al. 1980), and excitatory afferents from the parafascicular nucleus of the thalamus (Mouroux
& Feger 1993). There are also inputs from the pedunculopontine nucleus (Lavoie & Parent
1994) and from substantia nigra pars compacta (Cossette et al. 1999). The output from the
STN is glutamatergic and excitatory to both segments of the globus, to the substantia nigra
pars reticulata (SNr), and to the pedunculopontine area (Smith et al. 1990). Outputs appear
to arise from different types of neurons, but classification schemes have not agreed on how
many types of neurons exist in the STN. It appears there are at least two types of neurons in
the STN as defined by baseline firing pattern and morphology (Magarinos-Ascone et al.
2002). Thus DBS in the STN has the potential to influence a variety of afferent and efferent
targets and may have different effects on different neurons.

Rodent in vitro subthalamic nucleus slice preparations—The effect of high-
frequency stimulation has been studied in rat STN slices by several investigators. The
studies have involved different stimulation methodologies and have focused on different
time periods making direct comparison difficult. Bipolar microstimulation (0.1-1.0 pA) with
trains of pulses produced a response that depended on the type of neuron (Magarinos-
Ascone et al. 2002). The current was selected to produce subthreshold EPSPs in STN
neurons. The two most frequently encountered neuron types were (a) tonically active
neurons that had a round soma and extensive radial dendritic field (68%) and (b) bursting
neurons with a triangular soma and less extensive dendritic field (25%). Tonically active
cells followed 130-Hz stimulation for 5-15 s, then developed a bursting pattern, before
ceasing to fire after 25 s of stimulation. At frequencies less than 90 Hz, the cells followed
for 5-15 s and then changed to bursting that persisted for the duration of the stimulation (40
s). Bursting cells responded to stimulation trains with a brief burst of action potentials
followed by prolonged silence. There was no frequency dependence in bursting cells. A
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major limitation of this study was that the stimulation current was low and primarily
affected presynaptic axons rather than cell bodies. Nevertheless, these findings suggest that
presynaptic driving of STN neurons may fail at sustained high frequencies.

Beurrier et al. (2001) also reported a prolonged inactivation of STN neurons. They delivered
bipolar stimulation to rat STN slice preparations in 1-min trains of 100-usec pulses at a
variety of frequencies. At frequencies <100 Hz, there was no effect. At higher frequencies,
there was a slowing of the post-stimulation firing rate and with frequencies between 166 and
250 Hz, there was a complete and prolonged cessation of firing for an average of 5.8 min.
During the silent period, action potentials could still be evoked but at a slightly higher
threshold. The silent period was not a result of hyperpolarization and was not influenced by
chemicals that blocked ionotropic glutamate receptors or GABA receptors. Similarly, the
blockade of presynaptic Ca?* entry had no effect. During the silent period, the persistent
Na* current was 99% blocked and T- and L-type Ca2* currents were transiently depressed.
Thus, it appeared the post-stimulation silence was a result of changes in membrane
properties and not synaptic effects. It should be noted that prolonged post-stimulation
silencing occurred only at frequencies higher than those that produce maximum benefit from
STN DBS in PD patients (Moro et al. 2002).

Using stimulation parameters that more closely simulate clinical DBS, Garcia and
colleagues (2003) have studied the effect of high-frequency stimulation in rat STN slice
preparations from normal and dopamine-depleted rats. Monopolar stimulation with
frequencies in the range of 80-185 Hz blocked spontaneous firing in STN neurons but
induced stimulus-driven firing. The effect was seen regardless of whether the neurons were
tonically active or bursting at baseline. The stimulus-driven firing was single spikes at lower
currents or recurrent bursting at higher currents. The frequency of spikes within bursts
followed reliably at 80 Hz, had some failure at 135 Hz, and only occurred every 2-3 pulses
at 185 Hz, firing with a mean intraburst frequency of 64-85 Hz. The pattern of response
varied among neurons but did not depend on the distance from the stimulating electrode,
suggesting cell geometry in relation to the stimulation field might determine the response to
stimulation (Garcia et al. 2003, Ranck 1975). There was no difference between the slices
from intact or dopamine-depleted rats. The blockade of ionotropic or metabotropic
glutamate receptors or of GABA receptors had no effect on the stimulus-driven firing. The
stimulation-driven firing appeared to be a result of the activation of voltage-sensitive Na*
and L-type Ca?* channels. However, consistent with the findings of Beurrier et al. (2001),
after the stimulus train ended, STN neurons were silent for as long as several minutes. Thus,
although there was likely to be a reduction of certain Na* and Ca%* conductances, the
stimulation trains were sufficient to overcome those to induce firing. In a subsequent study,
Garcia et al. (2005) confirmed their previous findings and showed by systematically varying
pulse width and stimulation frequency that combinations in the range used in human STN
DBS never silenced STN neurons but rather drove firing. Combinations in the therapeutic
range replaced baseline firing with stimulus-driven spikes in a stable oscillatory pattern time
locked to the stimuli.

The lack of presynaptic effect with SDBS in STN slices contrasts with the results of
Anderson et al. (2004) in thalamic slices. It is possible the difference relates to the method
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of stimulation. Garcia et al. (2003) used a monopolar configuration, and Anderson et al.
(2004) used a bipolar configuration. When Anderson et al. (2004) used a monopolar
configuration, they found a substantial reduction of presynaptic activation unless the current
was increased three- to fivefold. It is also possible the predominately synaptic effect seen by
Anderson and the predominately cellular membrane effect seen by Garcia are results of
differences between the ventral thalamus and STN neurons.

In vivo animal studies—Although in vitro studies in slices can investigate synaptic and
membrane physiology, they have limited ability to evaluate downstream effects of
stimulation. Although few studies have been performed in intact experimental animals, the
studies have indicated that DBS may activate efferent axons independent of any local
synaptic or cellular effects.

In urethane-anesthetized rats, high-frequency STN stimulation caused post-stimulation
depression of firing in the majority of neurons (Benazzouz et al. 2000). It also caused an
inhibition of the majority of neurons recorded in the SNr and an increase in the majority of
cells recorded in the ventrolateral thalamus. However, this study was limited by the inability
to record during the time of stimulation, so all results were during the post-stimulation
period. Nevertheless, in anesthetized rats, trains of high-frequency stimulation appear to
cause a prolonged post-stimulation inactivation of STN neurons, and postsynaptic effects
were consistent with inactivation of the excitatory STN to SNr projection.

In rats anesthetized with chloral hydrate, Maurice et al. (2003) investigated the effect of
high-frequency (50-200-Hz) STN stimulation on spontaneous SNr firing and on SNr
activity evoked by motor cortex stimulation. Low intensity microstimulation (20-80 pA) at
130 Hz with 30-s trains of 60-us pulses produced three types of effects on spontaneously
active SNr neurons. The firing of 84 of 129 SNr cells was inhibited by an average of 79%.
The amount of inhibition was the same for frequencies ranging from 50-200 Hz. The
inhibition was blocked by the application of the GABA antagonist bicuculline. Because the
projection from the STN to the SNr is entirely excitatory, it is likely the stimulation
activated inhibitory striatonigral or pallidonigral fibers (Windels et al. 2005). Excitation was
seen in 28 of 129 SNr cells with firing rates increasing up to 400%. In 13 cells, inhibition
was seen at low-stimulation currents and excitation was seen at higher currents. Excitatory
responses were frequency dependent, increasing in a linear relationship for stimulation
frequencies from 50 to 130 Hz. These responses were likely a result of the direct activation
of subthalamonigral neurons or axons. Twenty of 129 neurons were activated
antidromically, suggesting the stimulation effect was not confined to STN but spread to the
nigrothalamic pathway.

In the absence of STN stimulation, motor cortex stimulation typically elicits a triphasic
response in SNr neurons with early excitation, inhibition, then late excitation. The early
excitation is mediated by the activation of the excitatory projection from the STN to the SNr
and the inhibition by the activation of inhibitory striatonigral neurons (“direct pathway™),
and the late excitation is mediated by the disinhibition of subthalamonigral neurons
(“indirect pathway™). In SNr neurons inhibited by STN stimulation, the early and late
excitatory phases of cortically evoked activity were inhibited by 56% and 35%, respectively,
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consistent with the activation of inhibitory inputs to the SNr. In SNr neurons excited by STN
stimulation, both the early and late excitation were completely blocked during STN
stimulation but the inhibitory response was preserved. Thus, high-frequency STN
stimulation blocks the transmission of information through the STN. In summary, these
results show that STN stimulation can activate multiple pathways but also that high-
frequency STN stimulation activates excitatory projections from the STN to the SNr.
Furthermore, STN stimulation blocks the flow of information through the STN, potentially
preventing aberrant signals from being propogated in disease states. Indeed, STN
stimulation in rats rendered cataleptic with dopamine antagonists reverses abnormal patterns
in SNr neurons (Degos et al. 2005).

Two studies of the DBS effect on downstream neurons have been performed in monkeys
(Hashimoto et al. 2003, Kita et al. 2005). Using a scaled-down version of the DBS electrode
used clinically, Hashimoto et al. (2003) studied the effect of low- and high-frequency STN
stimulation on pallidal neuron firing in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) treated parkinsonian monkeys (Hashimoto et al. 2003). Stimulation at 136 Hz
reliably reduced parkinsonian signs when sufficient current was delivered. Neurons in both
the external pallidum (GPe) and GPi were recorded during stimulation at 2, 136, and 157 Hz
with both effective and ineffective voltages. Short latency, multiphasic responses with
alternating periods of inhibition and excitation were seen in GPe and GPi neurons following
2-Hz STN stimulation. These short-latency responses also were present at 136-Hz
stimulation, voltages effective for the alleviation of parkinsonian signs. The later
components of the response were obscured by stimulation at 157 Hz, but the early
components remained intact. The response persisted for up to 5 min of stimulation,
producing a significant increase in mean discharge rate and a stimulus-synchronized regular
firing pattern in the majority of GPe and GPi neurons (Figure 2). The preservation of the
response pattern and overall increase in firing rate indicated that high-frequency STN
stimulation using clinically relevant DBS parameters causes the activation of STN efferent
fibers. The multiphasic response pattern suggests there was di- and trisynaptic activation of
other components of basal ganglia circuitry. There was also evidence for antidromic
activation of some GPe neurons. Kita et al. (2005) reported comparable results using shorter
bursts of stimulation (10 pulses at 100 Hz) but found that more complex disynaptic
responses in the GPi exceeded simple monosynaptic excitation.

Human studies—Human studies have been performed in patients undergoing DBS
electrode implantation for the treatment of PD. Theses studies offer the advantage of being
able to study physiology in the relevant disease state using stimulation parameters that elicit
clinical benefit. However, there are constraints as to what can be studied. Thus most
recordings have been made in the region of stimulation and not in downstream structures.

Using paired electrodes separated by 600 um, Filali et al. (2004) recorded the activity of
STN neurons in response to brief trains (500 ms) of high-frequency STN stimulation. Their
artifact suppression method precluded recording for several milliseconds after each pulse.
However, following stimulus trains at 100-300 Hz, 25 of 60 STN cells were inhibited. No
post-stimulus change in firing rate was observed in the other 35 cells. In 15 cells it was
possible to detect inhibition during the train; 13 of these were inhibited. Furthermore, 8 of
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the 25 inhibited neurons also were inhibited by single pulses. Welter et al. (2004) confirmed
these results by recording 21 STN cells during high-frequency STN stimulation trains of 20-
s duration. Fifteen of the 21 cells had decreased firing, and six had complete cessation of
firing during the stimulation period. No increases were seen.

Globus pallidus: The GPi is the second most commonly used DBS target for the treatment
of PD (Anderson et al. 2005) and is increasingly targeted for DBS treatment of dystonia
(Vidailhet et al. 2005). The GPi is one of the primary output nuclei of the basal ganglia and
is considered the main output representation of limb movements (Mink 1996). The GPi
receives excitatory glutamatergic afferents from the STN (Hazrati & Parent 1992, Rinvik &
Ottersen 1993), inhibitory GABAergic afferents from striatum (Kita & Kitai 1988),
inhibitory inputs from the GPe (Bolam & Smith 1992), and nigral dopamine afferents
(Smith et al. 1989). The inhibitory GABAergic output of the GPi projects to the ventral
anterior and ventral lateral thalamus, intralaminar thalamus, and the pedunculopontine area
(Parent & De Bellefeuille 1982). Owing to its size and geometry, the effect of stimulation in
the GPi is more likely to be restricted to the nucleus, but the potential remains for the
possible spread to adjacent structures and pathways, especially the GPe and internal capsule.

The rodent homologue of GPi is the entopeduncular nucleus, which is embedded in the
internal capsule. Thus it is not possible to simulate GPi DBS in slice preparations or in
whole brain studies in rodents without confounding effects from stimulating fibers of
passage.

In vivo animal studies of GPi stimulation—In an MPTP parkinsonian monkey,
stimulation of the anterior GPi with 20-s trains of 100-120-Hz stimulation reduced the
activity in 48 of 56 GPi neurons recorded during the stimulation trains (Boraud et al. 1996).
No activity increases were reported. In that animal, the GPi firing rate increased above
normal baseline rates in response to MPTP treatment. High-frequency GPi stimulation
reduced the average firing rate to normal range. No cells were completely inhibited.

In a subsequent study, Bar-Gad et al. (2004) recorded GPi activity during microstimulation
of the GPi using short trains of high-frequency stimuli (10-40 pulse). They also reported an
overall decrease in GPi firing rates but also reported some increases. Analysis with a higher
temporal resolution revealed a complex locking of responses to the stimuli in most neurons.
The locking displayed a stereotypical temporal structure consisting of three phases: an initial
excitation followed by an inhibition and a second excitation. These data suggest the
response of local neurons to high-frequency stimulation is complex. However, only short
trains were used in that study and the response to chronic high-frequency stimulation may be
different.

Anderson et al. (2003) recorded the activity of neurons in the pallidal-receiving zone of the
thalamus during short trains (<10 s) of 120-Hz stimulation in nonparkinsonian monkeys.
Thirty-three of 73 recorded thalamic neurons were inhibited by high-frequency GPi
stimulation, and seven were excited (Figure 3). At least one of the excitation responses
recorded during stimulation also evoked muscle contraction at the contralateral shoulder,
suggesting spread to the internal capsule. Low-amplitude stimulation produced inhibition
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but did not block movement-related firing increases; however, higher amplitude stimulation
did block these movement-related changes. These data suggest that in addition to any effect
on GPi cell bodies, high-frequency GPi stimulation activates efferent axons. Furthermore,
stimulation changes baseline firing rates but also has the potential to disrupt normal (or
abnormal) task-related patterns of activity in postsynaptic cells.

Human studies of GPi stimulation—In human subjects undergoing the implantation of
GPi DBS electrodes, Dostrovsky et al. (2000) recorded the response of GPi neurons to low-
frequency (5-50-Hz), low-amplitude stimulation delivered 250-600 pm from the recording
site. The response in 22 of 23 cells was inhibition lasting 15-25 ms after each pulse,
consistent with the activation of presynaptic inhibitory terminals. At higher frequencies up
to 300 Hz, stimulus trains produced decreased firing but did not completely block firing.

Pralong et al. (2003) reported the response of thalamic neurons to GPi DBS in a unique
situation. A patient with postanoxic dystonia had previously undergone the implantation of
GPi DBS electrodes without benefit. The patient subsequently consented to thalamic
stimulation, in the putative pallidal-receiving zone. While recording prior to implantation of
the thalamic DBS electrodes, the authors examined the response of seven thalamic neurons
to GPi DBS while the patient was anesthetized with propofol. Four tonically active cells
were inhibited by GPi stimulation; three low frequency cells did not change. Although
limited, these results are consistent with those reported by Anderson et al. (2003) in the
monkey.

Release of neurotransmitters by deep brain stimulation: An early study suggested that
high-frequency stimulation of the STN in rodents increases extracellular glutamate in the
GPi and a downstream target of STN projections, and that release may be dependent upon
stimulation frequency (Windels et al. 2003). Although a similar increase was not found in
humans with PD, there was an increase in cyclic guanosine monophosphate (cGMP) in the
GPi (Stefani et al. 2005). Interestingly Windels et al. (2005) found that high-frequency STN
stimulation in vivo in rats increased GABA in the SNr, and this effect was abolished by
ibotenic acid lesioning of the globus pallidus. STN DBS also increases extracellular striatal
glutamate and GABA in rats (Windels et al. 2003). Together these findings support the
notion that STN DBS drives output neurons. A similar effect may be important for other
sites of stimulation. For example, the effects of high-frequency stimulation of thalamic
slices were blocked by glutamate receptor antagonists (Anderson et al. 2004).

PET measures of striatal [11C]raclopride uptake did not change with STN DBS, suggesting
release of striatal dopamine did not change enough to produce either an increased striatal
[11C]raclopride uptake (evidence of reduced competition from less released dopamine) or a
decreased striatal [11C]raclopride (suggesting increased release of striatal dopamine) (Hilker
et al. 2003). This contrasts with a previous rodent study indicating that STN DBS increases
striatal dopamine release (Meissner et al. 2002) in both normal and denervated (nigrostriatal
lesioned) rats (Bruet et al. 2001).
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Synthesis of Neurophysiologic Data

Differences in techniques, anatomy, cell type, and experimental setting limit the ability to
make direct comparisons across the studies reviewed above. However, several conclusions
are possible. (a) High-frequency stimulation affects multiple elements, including afferent
axons, cell bodies, efferent axons, and fibers of passage. (b) The stimulated elements may
differ depending on the anatomy of the target (e.g., the VIM thalamus, STN, GPi, or others).
(c) The effects may vary depending on the intrinsic physiologic properties of the targeted
cells (Anderson et al. 2004, Do & Bean 2003). (d) The effects vary with frequency,
amplitude, pulse width, and duration of the spike trains. (€) Stimulation of the STN releases
glutamate from excitatory efferent neurons. (f) The net effect on distant targets, whether
monosynaptic or polysynaptic, may be independent of local effects. Thus local cells may be
inhibited by the activation of inhibitory afferents or by the effects on intrinsic ion
conductances, but the efferent axons may still be activated. In the studies that have
examined the effect of high-frequency stimulation on downstream targets, the finding is
most consistent with the activation of efferent axons either directly or through activation of
local cell bodies to axon initial segments (Anderson et al. 2003, Hashimoto et al. 2003,
Pralong et al. 2003). Although the data supporting this conclusion come from a mixture of
stimulation in rodents, MPTP parkinsonian monkeys, normal monkeys, and a single
anesthetized patient, the conclusion is also supported by computer models (MclIntyre & Grill
2002) and by human functional imaging work (see below).

FUNCTIONAL IMAGING OF DEEP BRAIN STIMULATION-INDUCED
CHANGES IN BRAIN CIRCUITS

Positron Emission Tomography

PET measurements of blood flow responses to DBS has been used to identify changes in
brain pathways (Aiko et al. 1987, Black et al. 1997, Blandini et al. 1999, Ceballos-Baumann
etal. 1999, Feiwell et al. 1999, Tempel & Perlmutter 1993). This strategy based on the
notion that blood flow and metabolism are closely coupled to neuronal activity, at least
under normal physiologic conditions (Gold & Lauritzen 2002, Lauritzen 2001). Another key
underlying assumption is that changes in local blood flow reflect changes in neuronal
activity in target synaptic fields, including local interneurons, rather than changes in efferent
activity (Gold & Lauritzen 2002, Lauritzen 2001, Logothetis et al. 2001, McCulloch 1982,
Raichle 1987, Schwartz et al. 1979). Thus a PET-measured blood flow response could
indicate a change of input to that region or alterations in local interneuronal activity. It also
is assumed that the only change between stimulus conditions (typically either off, on at
optimal setting, or in some studies on with suboptimal settings) is the change in DBS. Any
behavioral change can confound interpretation of measured changes in blood flow because
the behavioral change may induce cortical blood responses that do not reflect direct effects
of DBS but rather may reflect sensory feedback from changes in motor activity (Figure 4).
This is particularly troublesome in PD studies because people with PD may have changes in
resting tremor or other active muscle activity such as dystonia that may occur at rest. This
potential confound requires careful observation and measurement of motor activity during
PETs and then appropriate exclusion of such confounded scans.
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The first question that may be addressed with imaging is how stimulation alters selected
brain pathways. More specifically, it may be possible to distinguish whether the effect of
stimulation is to either increase or decrease the net output from a site of stimulation. We
found that thalamic stimulation in people with ET increases blood flow in downstream
targets of thalamic output, consistent with stimulation increasing the activity of projection
neurons (Perlmutter et al. 2002). The people with ET had their arms at rest with no tremor
during the scans with DBS on or off, so there was no behavioral change that could have
produced sensory feedback. Surface electromyography on the limbs, continuous
videography, and direct observation during the scans ensured there was no tremor or other
extraneous movements during the scans. Haslinger et al. (2003) also found that VIM DBS in
ET patients at rest increased regional blood flow at the site of stimulation and in the
sensorimotor cortex in an increasing fashion corresponding to increasing stimulus frequency
or amplitude. In contrast, a similar study of thalamic stimulation in people with PD found
that cortical flow was decreased with DBS, but changes in behavior such as the reduction or
elimination of resting tremor could reduce the flow as a result of this behavioral change
(Fukuda et al. 2004).

Deiber et al. (1993) used PET to compare blood flow during parkinsonian tremor with VIM
DBS off, during parkinsonian tremor with ineffective DBS settings (frequency lowered to
50-65 Hz) and during suppressed tremor with effective settings. Subtraction analysis of
effective DBS with suppressed tremor minus ineffective DBS revealed reduced flow in the
cerebellum, but this could be a result of the effects of reduced feedback from the presence of
the tremor rather than a direct change induced by VIM DBS. Ineffective DBS minus the
stimulator off condition revealed reduction of homolateral cerebral cortex flow (likely a
result of the effects of the ineffective stimulation because there were no other changes
between the two conditions). However, this small study of six subjects was limited by an
older data analysis method that did not consider differences in regional variance in the PET
data.

Neuroimaging studies in PD are more challenging as a result of the potential behavioral
changes with stimulators either on or off. For example, we had to eliminate at least one-third
of the PETSs in PD patients because the subjects had either tremor or other potentially
confounding extraneous movements during a 1-min blood flow scan in a study of DBS
responses to STN stimulation (Hershey et al. 2003). Having done that, we then could
demonstrate that STN DBS increased blood flow in the thalamus and reduced blood flow in
cortical areas (Hershey et al. 2003). These data are consistent with the hypothesis that STN
stimulation increases firing of STN output neurons, which increases the inhibition of
thalamocortical projections, ultimately decreasing blood flow in cortical targets.

Increased thalamic metabolism also was found in another study with bilateral STN DBS in
eight people with PD (Hilker et al. 2004). However, this FDG PET study also reported
increased FDG uptake in multiple cortical regions, and the investigators did not mention
behavioral changes that likely occurred during the two different PET conditions: on and off
bilateral STN DBS. Therefore, this and other PET or single photon emission computed
tomography studies (Hilker et al. 2002, 2004; Fukuda et al. 2001b; Sestini et al. 2002) that
do not adequately assess and consider behavioral condition of subjects during PETs must be
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interpreted with a great deal of caution. Monitoring surface electromyographic activity,
directly observing and videotaping all subjects during PETSs, and excluding scans with these
confounds may help to avoid these potential pitfalls (Hershey et al. 2003).

Several studies have reported changes in regional blood flow during motor tasks with and
without DBS of the STN or the GPi, but these do not directly identify the effects of DBS
alone (Fukuda et al. 2001a, 2002; Strafella et al. 2003). In these types of studies there are
two potential behavioral confounds. First, if the motor task is performed differently with the
stimulators on versus off, then the sensory feedback to the brain and subsequent flow or
metabolic response might be altered. Second, even the same performance may be actuated
differently if there is different resistance or power needed to perform the same task in the
two DBS conditions. Thus, these types of studies must be interpreted cautiously.

Functional Magnetic Resonance Imaging Studies of Deep Brain Stimulation

Could fMRI of blood oxygenation level-dependent signals be used for these studies? Rezai
et al. (1999) demonstrated the feasibility of this approach for thalamic stimulation, which
produces clinical effects within 30 s of starting stimulation. They studied patients after the
implantation of the electrode into the thalamus but before surgical placement of the pulse
generator, requiring a study between the two surgeries. However, this approach does not
permit an opportunity to optimize programming of DBS or to let any lesion effect of surgery
abate, which may substantially limit its practicality. Furthermore, because the time to
maximal benefit from STN DBS in people with PD takes as much as 30 min or longer, this
would be difficult for an fMRI study that requires repeated on—off cycles because of issues
of shifting baseline. Near-infrared spectroscopy measurements found considerable variations
in the blood oxygenation in frontal cortex during either thalamic or GPi stimulation, which
raises questions about the potential of fMRI for these studies (Murata et al. 2000, Sakatani et
al. 1999). Thorough evaluation to ensure safety must also be done prior to exposing patients
to this research procedure. At least one study found that structural MRI in people with
implanted DBS electrodes can be done safely (Uitti et al. 2002), but others suggest that
substantial caution must be exercised when doing magnetic resonance scanning with active
DBS electrodes in the magnetic resonance field (Georgi et al. 2004). fMRI pulse sequences
produce larger magnitude magnetic fields that may pose additional risks for active DBS
contacts and pulse generators. However, it is possible to do fMRI studies with externalized
leads and pulse generators removed from the magnetic resonance field (Stefurak et al. 2003),
but this permits only peri-operative studies with limited time for patient evaluations. Finally,
one must be careful during such research studies as a slightly frayed wire carries an
increased risk of heating surrounding tissue.

A single case report suggested that fMRI blood oxygenation level-dependent signals
increased in different cortical regions depending upon the position within the region of the
STN of the stimulating electrode and associated behavioral response (Stefurak et al. 2003).
Specifically, stimulation through the left active electrode in the left inferior STN provided
good motor benefit and increased flow in primary motor areas but decreased flow in
supplementary motor area. Such strategies may help to identify functional connections
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among basal ganglia and cortical loops. However, interpretation of these types of studies is
critically dependent upon accurate identification of the site and effects of DBS.

CONCLUSIONS

DBS has the potential to provide substantial benefit for a variety of neuropsychiatric
conditions. Despite the marked clinical benefit, we still have much to learn about the
mechanism of action of DBS. However, we have come a long way in our understanding of
the effects of DBS on neurons, transmitters, and brain pathways. Physiologic and imaging
studies support the notion that the net effect of DBS is to increase the firing of neurons
projecting from the site of stimulation. This may be mediated primarily via the stimulation
of axons rather than cell bodies.

If DBS drives efferent axons, how does it exert its clinical effect? DBS seems to mimic the
effect of destructive lesions, suggesting that despite the activation of efferent axons, there is
interruption of information flow or processing. The data of Maurice et al. (2003) from rats
and of Anderson et al. (2003) from monkeys indicate that high-frequency stimulation can
prevent the normal pattern activity whether driven by electrical cortical stimulation or
related to a limb-movement task. If normal circuits are disrupted in this way, it makes sense
that abnormal circuit activity also would be disrupted. Indeed, STN DBS has been shown to
eliminate abnormal rhythmic oscillation of GPi local field potentials (Brown et al. 2004),
and impairing abnormal firing patterns may be more critical than changing net firing rates
(Mcintyre & Thakor 2002, Vitek 2002).

Future studies may continue to distinguish variations in the effects of DBS on different
nuclei and different neuronal cell types. Furthermore, patients with implanted DBS
electrodes afford an outstanding opportunity to investigate behavioral effects of functional
circuits (Hershey et al. 2004, Schroeder et al. 2003), but it will be critical to carefully control
behavioral confounds to properly interpret such studies.
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Glossary
DBS deep brain stimulation
ET essential tremor
PD Parkinson disease
VIM ventral intermediate nucleus of the thalamus
STN subthalamic nucleus
GPi internal segment of the globus pallidus
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fMRI functional magnetic resonance imaging

PET positron emission tomography
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Figure 1.
Simplified schematic of subcortical motor systems circuitry. Blue arrows represent

excitatory synapses, and open red circles represent inhibitory synapses. Dotted line across
the thalamus indicates the segregation between striatal and cerebellar connections. CBL
CTX, cerebellar cortex; CBL NUC, cerebellar nuclei; GPe, globus pallidus external
segment; GPi, globus pallidus internal segment; PN, pontine nuclei; SNr, substantia nigra
pare reticulate; STN, subthalamic nucleus; STR, striatum; THAL, thalamus.
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Figure2.
The neuronal response of a GPi cell during subthalamic nucleus stimulation. Top trace

shows analog signal overlays of 100 sweeps made by triggering at 10-ms intervals in the
prestimulation period and by triggering on the stimulation pulse in the on-stimulation period.
Arrows indicate residual stimulation artifacts after artifact-template subtraction. Middle
traces display peristimulus time histograms (PSTHSs) reconstructed from successive 7.0-ms
time periods in the prestimulation period and from the interstimulus periods in the on-
stimulation period. The first PSTH bin is omitted in the on-stimulation period because of
signal saturation and residual stimulation artifacts. Asterisks represent significant increase at
p < 0.01; Daggers represent significant decrease at p < 0.01; Wilcoxon signed rank test.
Bottom plot represents the mean firing rate calculated every 1 s on the basis of the PSTH
illustrating the time course of the firing rate. From Hashimoto et al. 2003.
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Figure3.

Sustained inhibition of thalamic neuron produced by 120-Hz stimulation of the GPi. (a) 100-
pulse stimulus train. (b) 1000-pulse stimulus train. From Anderson et al. 2003.
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Figure4.
Blood flow changes associated with the presence of tremor or other movement of the upper

extremities during 1-min positron emission tomography (PET) scans in patients (n = 8) with
subthalamic nucleus deep brain stimulation (STN DBS). These scans were collected with
STN DBS off as part of a larger study of stimulation (Hershey et al. 2003). The image
represents an averaged change in blood flow comparing paired scans for each patient with
both STN stimulators off. During one scan there was no movement detected by videography
or direct observation and no excessive activity seen on surface electromyography. During
another scan there was movement or tremor. Arrows indicate peak blood flow increase of
5% in sensorimotor cortex. Such changes in motor behavior during PETS to investigate
effects of DBS can confound the interpretation of findings. The scans collected during
movement were excluded from our analysis of STN DBS effects (Hershey et al. 2003).
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