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Deep brain stimulation (DBS) of the basal
ganglia is an effective treatment option for
intractable symptoms of neurological and
psychiatric disorders. For example, move-
ment deficits in Parkinson’s disease and
dystonia are improved by DBS of the
internal segment of the globus pallidus
(GPi), a major output structure of the
basal ganglia. Despite its increasing prev-
alence, however, there remains substan-
tial disagreement over the therapeutic
mechanisms of DBS (Miocinovic et al.,
2013). Because there is potential for ad-
verse side effects depending on DBS pa-
rameters and location, further elucidating
the mechanism of DBS of the basal ganglia
may improve treatment. In a recent report
published in The Journal of Neuroscience,
Chiken and Nambu (2013) address this
issue in the globus pallidus of normal
monkeys. It is known that the GPi is in-
hibited by afferent GABAergic projections
from the striatum and the external seg-
ment of the globus pallidus (GPe), and it
is activated by a glutamatergic projection
from the subthalamic nucleus. Chiken
and Nambu (2013) suggest that DBS of
the GPi blocks cortical and basal ganglia
signals by increasing GABA release from

afferent fibers to the GPi, thereby sup-
pressing GPi activity.

Chiken and Nambu (2013) inserted an
electrode bundle containing two drug deliv-
ery tubes, a recording electrode, a stimulat-
ing electrode, and an attached tungsten
ground wire (to allow bipolar stimulation)
into the GPi or GPe. In addition, bipolar
stimulating electrodes were chronically im-
planted in the primary and supplementary
motor areas in the cortex. This multifaceted
approach allowed the authors to compre-
hensively investigate the method of action of
DBS, including the influence of glutamater-
gic and GABAergic pallidal receptors.

The authors first recorded single-neuron
activity in the GPi, and found a suppression
of spiking during either single pulses or
trains of electrical stimulation. In contrast,
GPe stimulation produced mixed re-
sponses, generally consisting of decreased
neuronal firing rate during stimulation and
increased firing rate shortly thereafter
(Chiken and Nambu, 2013, their Figs. 3, 6).
They hypothesized that stimulation acti-
vates afferent fibers to the GPi or GPe, in-
creasing both GABA and glutamate release
(Fig. 1A, i). Supporting this, Chiken and
Nambu (2013) found that in the GPi,
suppression of neuronal activity during
stimulation was prevented by local drug
microinjection of gabazine (GABAA recep-
tor antagonist). In contrast, after GABAA

block, GPi stimulation caused a local in-
crease in neuronal activity, which was in
turn blocked by AMPA/kainite and NMDA
ionotropic glutamate receptor antagonists.
Similarly in the GPe, drug microinjection

of GABA receptor antagonists blocked
neuronal inhibition, and ionotropic
glutamate receptor antagonists blocked
neuronal excitation. This suggests a compe-
tition of both glutamatergic (excitatory) and
GABAergic (inhibitory) signals during DBS.
Interestingly, although glutamatergic exci-
tation was present in both GPi and GPe,
GABAergic inhibition dominated glutama-
tergic excitation in the GPi. Chiken and
Nambu (2013) found that this GPi suppres-
sion blocked cortical motor commands,
mimicked by electrical microstimulation of
the primary or supplementary motor areas,
from being transmitted through the basal
ganglia. These results suggest that DBS acti-
vates afferent fibers to influence pallidal ac-
tivity (Fig. 1A, i), which presumably may
disrupt pathologically altered cortical sig-
nals in different disorders.

However, it is important to note that
the decrease in GPi activity found by
Chiken and Nambu (2013) in healthy
monkeys may not entirely reflect the DBS
mechanism underlying ameliorative ef-
fects in Parkinson’s disease (PD). Chiken
and Nambu (2013) argue that in PD, in-
creased GPi GABAA receptor expression
would amplify, not counteract, their ef-
fect. Nevertheless, results have been re-
ported using a PD monkey model that
may not support this conclusion. First, the
efficacy of GPi GABA transporters (criti-
cal for GABA transmission) is altered in a
PD model (Galvan et al., 2010), which
may implicate different GPi-DBS effects
in PD. Second, GPi electrical stimulation
in a PD model resulted in multiphase re-
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sponses of GPi neurons (McCairn and
Turner, 2009), as opposed to the inhibi-
tion (only) in healthy monkeys reported
by Chiken and Nambu (2013). Therefore,
factors in addition to GABAA overexpres-
sion may be relevant to the DBS effect in
PD, and may explain these inconsistent re-
sults between GPi stimulation of healthy
monkeys (Chiken and Nambu, 2013) and
PD monkeys (McCairn and Turner, 2009;
Galvan et al., 2010). Further research should
use the techniques described by Chiken and
Nambu (2013) to address the same ques-
tions in a PD model.

In addition to the activation of afferent
fibers to the GPi, we propose that DBS
activation of non-neuronal glial tissues,
specifically astrocytes, may be relevant to
the inhibition of GPi activity. Astrocytes are
directly depolarized by DBS (Vedam-Mai et
al., 2012) and glia-neuronal signaling can
modulate both GABA and glutamate release
in the GPi (Cunha, 2005), making this a
plausible contributor. In the basal ganglia,
stimulation facilitates release of ATP (and its
catabolic byproduct adenosine) from
nearby astrocytes (Fig. 1A, ii; for review, see

Vedam-Mai et al., 2012), and adenosine acts
upon A1 receptors in the GPi to affect neu-
ronal activity (Fig. 1B). A1 receptors are
localized both postsynaptically and presyn-
aptically, and their activation reduces
neuronal activity through several parallel
mechanisms (including presynaptic inhibi-
tion of glutamate release; Cunha, 2005).
Therefore, astrocytic activation may con-
tribute to the dominance of inhibitory over
excitatory neuronal signals during GPi
stimulation. Furthermore, glial activation
may help explain different excitatory and in-
hibitory effects of electrical stimulation in
GPi and GPe (Fig. 1B). Because both the
GPe and GPi receive GABAergic and gluta-
matergic inputs, Chiken and Nambu (2013)
hypothesized that differences in the balance
of GABAergic and glutamatergic inputs to
these structures may underlie different ef-
fects of DBS. Complimentary evidence also
suggests that differences in glia–neuronal
signaling between the GPe and GPi lead to
different modulations of glutamate and
GABA release (Cunha, 2005; Morelli et al.,
2009; Luquin et al., 2012). For example, the
gliotransmitter adenosine activates A2A re-
ceptors, which are expressed at higher levels
in the GPe and striatum than in the GPi
(Cunha, 2005; Morelli et al., 2009; Luquin et
al., 2012). Activation of A2A receptors in
GABAergic and glutamatergic nerve termi-
nals within the GPe can locally increase both
GABA and glutamate release (Cunha, 2005;
Morelli et al., 2009). In contrast, A1 aden-
sosine receptors are expressed widely in GPe
as well as GPi. Therefore, it is plausible
that the higher concentration of A2A re-
ceptors in the GPe compared with the GPi,
combined with a similar expression of A1
receptors between structures, explains the
different effects of DBS (Chiken and
Nambu, 2013). Specifically, A2A activation
may increase both GABA and glutamate re-
lease in the GPe, whereas activation of A1
receptors suppresses neurotransmission in
the GPi (Fig. 1B).

The suppression of GPi activity with
GPi-DBS may contribute to DBS efficacy
in PD or dystonia by suppressing patho-
logical signaling in the basal ganglia out-
put (Miocinovic et al., 2013). However,
strong evidence also indicates that GPi ac-
tivity is pathologically attenuated in dysto-
nia, in both transgenic mice and humans
(Nambu et al., 2011). Hence, a factor in ad-
dition to the suppression of GPi activity
must be required for GPi-DBS clinical ef-
fects to explain this conflict. One potentially
critical difference between the pathological
suppression of GPi activity in dystonia and
the DBS-mediated suppression of GPi activ-
ity to treat dystonia symptoms is whether

the axons of GPi output fibers are also ex-
cited by DBS (in addition to the inhibition
of GPi cell body spiking). While Chiken
and Nambu (2013) have demonstrated that
GPi stimulation inhibits GPi neuronal spik-
ing, evidence also supports an increase in
neurotransmitter release in GPi efferent
terminals, likely due to the transmission of
the artificial (nonphysiological) DBS pulse
down the axon (Anderson et al., 2003). In
particular, GPi stimulation has been shown
to reduce activity in thalamic neurons,
presumably due to activation of pallido-
thalamic GABAergic efferent fibers (An-
derson et al., 2003); single-pulse GPi
stimulation also evokes a single spike at a
regular latency in GPi single neurons, in
addition to the otherwise suppressed en-
dogenous neuronal activity (Chiken and
Nambu, 2013). Therefore GPi DBS may
exert clinical effects by simultaneously in-
hibiting endogenous activity in cell bodies
while directly activating efferent fiber out-
put (Fig. 1A, iii).

The report by Chiken and Nambu
(2013) is a thorough and well imple-
mented study, with ambitious methods
and straightforward results. The authors
suggest that DBS of the globus pallidus
affects neuronal activity by activating
neurotransmitter release from afferent fi-
bers. Furthermore, we hypothesize that
additional, complimentary processes may
underlie the mechanism of action of DBS,
specifically the activation of glia and GPi
efferent fibers, to produce clinical effects.
Further research can expand on a few un-
answered questions using Chiken and
Nambu’s (2013) methods. For instance,
the experimental design adopted in this
study can be extended to examine our hy-
pothesis regarding the influence of aden-
osine (using drug microinjection). It is
also important to examine the impact of
DBS on endogenous motor commands
during behavioral tasks, instead of those
mimicked by cortical electrical stimula-
tion. This will complement further studies
using electrical stimulation in awake
monkeys, and in studies examining DBS
in patients with neurological and psychi-
atric disorders.
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