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Stimulation-Induced Dyskinesias Inform Basal Ganglia
Models and the Mechanisms of Deep Brain Stimulation
Jason T. Moyer and Shabbar F. Danish
Review of Boulet et al. (http://www.jneurosci.org/cgi/content/full/26/42/10768)

High-frequency (or deep brain) stimula-
tion (HFS) of the subthalamic nucleus
(STN) represents an effective treatment
for intermediate to late-stage Parkinson’s
disease (PD). The success of HFS for treat-
ment of PD has accelerated research into
its use for a number of other disorders,
ranging from essential tremor to depres-
sion. Despite its success, it is still not clear
how HFS changes activity in the brain to
achieve its clinical effect. Recent work by
Boulet et al. (2006) in The Journal of
Neuroscience supports previous studies
finding that HFS activates the target struc-
ture. Further, it provides new evidence
suggesting that dyskinesias (a common
side-effect of long-term dopamine-
replacement therapy for PD as well as
high-intensity HFS) are correlated with
increases in glutamate in the substantia
nigra pars reticulata (SNr). This work has
implications for both understanding of
the mechanisms of HFS as well as under-
standing of the relationships between
neural structures in the basal ganglia
(BG).

HFS has been successfully applied to a
number of target neural structures. For
PD, the STN seems to be the most effective
target, because it improves all symptoms
(tremor, slowed and reduced movements,
and rigidity), and permits medication to
be reduced in many cases. This is an im-
portant benefit of HFS, in that long-term
(5–10 years) drug therapy (using levo-

dopa, which is converted into dopamine
in the brain) can lead to severe dyskinesias
that are almost as disabling as PD itself.
Dyskinesias are repetitive, involuntary
movements such as wrist or ankle flexion
and extension or hand clenching. Dyski-
nesias can also be induced with high-
intensity HFS.

Before the development of HFS, le-
sioning was the primary surgical treat-
ment for PD. Based on the similar clinical
efficacy of the two procedures, it was as-
sumed that HFS constituted a functional
lesion of the target structure. Several stud-
ies appeared to support this concept,
which primarily consisted of recordings
within the target structure during and im-
mediately after HFS. However, subse-
quent electrophysiology recordings, mi-
crodialysis, and functional imaging of
downstream structures suggested that the
target structure is actually activated (for
review, see Moyer et al., 2007). HFS may
decouple axonal activity from somatic ac-
tivity, with somatic activity inhibited by
HFS, but axonal output increased (McIn-
tyre et al., 2004), which could explain
these disparate findings.

Boulet et al. (2006) used 6-OHDA to
model PD in rats by selectively lesioning
the substantia nigra pars compacta (SNc),
which represents the dopaminergic input
to the dorsal striatum and BG. They sim-
ulated HFS by stimulating at 130 Hz via
implanted microelectrodes in the STN in
both 6-OHDA-lesioned rats and a control
group with an intact SNc. They performed
microdialysis in the SNr of both groups,
sampling every 15 min over a period of 5 h
before, during, and after HFS in awake
animals.

Boulet et al. (2006) describe four cate-

gories of dyskinesias that were observed in
the 6-OHDA-lesioned group and in the
control group as the amount of stimulat-
ing current was increased [Boulet et al.
(2006), their Fig. 2 (http://www.jneurosci.
org/cgi/content/full/26/42/10768/F2)].
The authors focused their attention on
forelimb dyskinesias, presumably because
these most nearly approximate the hand
and foot dyskinesias, which are most dis-
abling in PD patients. Thus, it is unclear
whether the results also would apply to
other types of dyskinesia.

The primary findings of Boulet et al.
(2006) are as follows: (1) HFS stimulation
at a threshold intensity for the induction
of forelimb dyskinesia (stimulation am-
plitude I1) resulted in increased extracel-
lular SNr glutamate during and after HFS
in both intact and 6-OHDA-lesioned rats
[Boulet et al. (2006), their Fig. 3 (http://
www.jneurosci.org/cgi/content/full/26/
42/10768/F3)]; (2) HFS stimulation at
half the threshold intensity for induction
of forelimb dyskinesia (stimulation am-
plitude I2) did not result in increased glu-
tamate levels in the SNr of either intact or
6-OHDA-lesioned rats [Boulet et al.
(2006), their Fig. 4 (http://www.jneurosci.
org/cgi/content/full/26/42/10768/F4)];
(3) injecting the glutamate receptor
(GluR) antagonist kynurenic acid into the
SNr during I1 stimulation prevented fore-
limb dyskinesias [Boulet et al. (2006),
their Fig. 5 (http://www.jneurosci.org/
cgi/content/full/26/42/10768/F5)]; and
(4) injecting GluR agonists AMPA and
NMDA into the SNr during I2 stimulation
induced forelimb dyskinesia. Injecting
AMPA and NMDA without stimulation
was not sufficient to induce forelimb dys-
kinesia [Boulet et al. (2006), their Fig. 5
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(http://www.jneurosci.org/cgi/content/
full/26/42/10768/F5)]. Based on this evi-
dence, the authors contend that STN
HFS-induced forelimb dyskinesias are
mediated by glutamate in the SNr.

Given that the glutamate levels in the
SNr appear to derive primarily from STN
activity (Rosales et al., 1997), the increases
in extracellular glutamate during and after
HFS support the concept that HFS acti-
vates the target structure. However, it can-
not be deduced from the work of Boulet et
al. (2006) whether this increase is neces-
sary for clinical improvement, because
data were not included regarding the
physical state of the rats (such as increased
number of nondyskinetic movements
during HFS). Boulet et al. (2006) also
found that GABA levels could be in-
creased by HFS, and that AMPA and
NMDA injections into the SNr alone are
not sufficient to induce dyskinesias. Espe-
cially when considered with a previous
microdialysis study trying levodopa-
induced dyskinesias to glutamate in-
creases in both the striatum and the sub-
stantia nigra (Robelet et al., 2004), this
illustrates that HFS affects not only the
target structure and its immediate down-
stream targets, but somehow alters activ-
ity throughout the BG in a more compli-
cated way.

If HFS activates glutamate-releasing
STN projections, this has interesting im-
plications for understanding of the BG. In
the classical model of Parkinson’s disease
(Albin et al., 1989; DeLong, 1990), loss of
DA innervation of the striatum increases
activity in the indirect, movement-
suppressing pathway, and reduces activity
in the direct, movement-facilitating path-
way (Fig. 1). Thus, according to this
model, the Parkinsonian STN should be
hyperactive as a result of reduced GPe (ex-
ternal segment of the globus pallidus) in-
hibitory transmission. The finding by
Boulet et al. (2006) that basal glutamate lev-
els are increased in the SNr of 6-OHDA-
lesioned rats [Boulet et al. (2006), their Ta-
ble 1 (http://www.jneurosci.org/cgi/content/
full/26/42/10768/T1)] supports this predic-
tion. However, the finding by Boulet et al.
(2006) that increased glutamate in the SNr
increasesmovements(albeitnonphysiological
ones) contradicts this model’s prediction
that STN hyperactivity should reduce
movements (as in Parkinson’s disease).

One of the shortcomings of the micro-
dialysis technique is its inability to capture
brief, small-scale changes in neural behav-
ior. For example, it has been suggested
that HFS might alleviate symptoms by re-
placing STN bursting activity with regular

spiking (for review, see McIntyre et al.,
2004); this possibility cannot be investi-
gated using microdialysis. Also, several
groups have described oscillatory activity
throughout the BG that appears to be very
important for both BG and HFS function
(for review, see Moyer et al., 2007). Again,
techniques with higher time resolution
than microdialysis will need to be used to
investigate how oscillatory activity gov-
erns BG function and what this might
mean for the mechanisms of HFS.

Future studies will need to determine
whether other target structures are also
activated by HFS, and if so, whether this
activation is required for clinical efficacy.
They will also have to explore how HFS of
the STN affects BG dynamics. The results
of these experiments should facilitate the
use of HFS, and hopefully suggest ways in
which HFS can be improved and ex-
panded to treat other diseases.
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Figure 1. Classical model of the basal ganglia (Albin et al., 1989; DeLong, 1990). Death of dopaminergic neurons in the SNc
reduces inhibition of the indirect pathway via dopamine D2 receptors and reduces activation of the direct pathway via dopamine
D1 receptors. Accordingly, the net effect of dopamine loss, as in Parkinson’s disease, is increased inhibition of thalamocortical
activity and impaired movement. This model predicts that basal activity of the STN should be increased in Parkinson’s disease.
GPe, External segment of the globus pallidus; GPi, internal segment of the globus pallidus.
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