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Optical Deconstruction of
Parkinsonian Neural Circuitry

Viviana Gradinaru,™?* Murtaza Mogri,** Kimberly R. Thompson,*

Jaimie M. Henderson,? Karl Deisseroth’*t

Deep brain stimulation (DBS) is a therapeutic option for intractable neurological and psychiatric
disorders, including Parkinson’s disease and major depression. Because of the heterogeneity of
brain tissues where electrodes are placed, it has been challenging to elucidate the relevant target
cell types or underlying mechanisms of DBS. We used optogenetics and solid-state optics to
systematically drive or inhibit an array of distinct circuit elements in freely moving parkinsonian
rodents and found that therapeutic effects within the subthalamic nucleus can be accounted for by
direct selective stimulation of afferent axons projecting to this region. In addition to providing
insight into DBS mechanisms, these results demonstrate an optical approach for dissection of
disease circuitry and define the technological toolbox needed for systematic deconstruction of
disease circuits by selectively controlling individual components.

neurodegenerative disorder resulting from

the loss of dopaminergic (DA) neurons in
the substantia nigra pars compacta (SNc), leading
to abnormal neuronal activity in the basal ganglia
(BG). DA depletion in the BG leads to altered
activity of the subthalamic nucleus (STN) and
globus pallidus pars interna (GPi), which has been
linked to clinical deficits in movement initiation
and execution (/—3). On the basis of these obser-
vations from animal models and the fact that lesions
of the BG can be therapeutic in PD, high-frequency
(>90 Hz) stimulation (HFS) of the STN (deep
brain stimulation or DBS) has emerged as a
highly effective treatment for medically refractory
PD (4-6).

Exactly how DBS exerts its therapeutic effects
is a matter of controversy (7—10) for three major
reasons. First, because of the heterogeneity of brain
tissue (/7), it is unclear which circuit elements are
responsible for the therapeutic effects. Second, HFS
is intrinsically a complicated manipulation because
target neurons can respond with increased, de-
creased, or mixed temporal patterns of activity; as
a result, the magnitude and even the sign of target
cell responses to DBS are unknown. Finally, it is
difficult to assess the net outcome of DBS on over-
all activity in the target cells and region, because
electrical stimulation creates artifacts that prevent
direct observation of local circuit responses during
HFS itself. Together, these challenges point to the
need to understand, to improve, and to generalize
(12-15) this important treatment modality.

Parkinson’s disease (PD) is a debilitating
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‘We have developed and employed optogenetics
technology based on single-component microbial
light-activated regulators of transmembrane con-
ductance and fiber optic— and laser diode—based in
vivo light delivery (/6-24). The channelrhodop-
sins, including VChR1 (24) and ChR2 (19), en-
code light-activated cation channels that can be
expressed in neurons under cell type—specific
promoters. In contrast, the halorhodopsins (e.g.,
NpHR) are light-activated CI" pumps, and NpHR-
expressing neurons are hyperpolarized and inhib-
ited from firing action potentials when exposed to
590-nm light in intact neural tissue (20, 21). The
ChR2-NpHR system is ideally suited to dissect
PD circuitry because of three features that map
well onto the challenges outlined above. First,
optogenetics allows genetically targeted photo-
sensitization of individual circuit components
within the STN area and, therefore, testing of
hypotheses regarding the causal role of individual
cell types. Second, inhibition or excitation of tar-
get cells by direct hyperpolarization or depolariza-
tion can be achieved, which reduces complications
such as soma-axon decoupling (23, 26), in which
cell bodies can be inhibited and axons stimulated
by HFS. Third, optogenetics allows simultaneous
optical control and electrophysiological recording
of local neuronal activity in vivo with integrated
fiber-electrode “optrodes” (27) and avoids
electrical stimulus artifacts, which may mask
crucial neural responses.

In all of this, optogenetics maintains the milli-
second temporal precision of electrodes. Therefore,
optogenetics, in principle, could be used to sys-
tematically probe specific circuit elements with
defined frequencies of true excitation or inhibi-
tion in freely behaving parkinsonian rodents.

Optical inhibition of STN. To first address
the most widely held hypothesis in the field, we
asked if direct, reversible, bona fide inhibition of
local-circuit excitatory STN neurons would be
therapeutic in PD. The STN measures <1 mm? in

rats (28), but targeting accuracy can be aided by
extracellular recordings during opsin vector intro-
duction, because STN is characterized by a par-
ticular firing pattern that is distinguishable from
bordering regions (Fig. 1A and fig. S1C) (29).

The STN is a predominantly excitatory struc-
ture (30) embedded within an inhibitory network.
This anatomical arrangement enables a targeting
strategy for selective STN inhibition (Fig. 1B), in
which enhanced NpHR (eNpHR) (21) is expressed
under control of the calcium/calmodulin-dependent
protein kinase Ila (CaMKIIo) promoter, which is
selective for excitatory glutamatergic neurons and
not inhibitory cells, fibers of passage, glia, or neigh-
boring structures (/8). In this way, true optical in-
hibition is targeted to the dominant local neuron
type within STN.

Optical circuit interventions were tested in rats
that had been made hemiparkinsonian by injection
of 6-hydroxydopamine (6-OHDA) unilaterally into
the right medial forebrain bundle (MFB). Loss of
nigral dopaminergic cells after 6-OHDA adminis-
tration was confirmed by decreased tyrosine hy-
droxylase levels unilaterally in the SNc (fig. S1A).
These hemiparkinsonian rodents have specific
deficits in contralateral (left) limb use and display
(rightward) rotations ipsilateral to the lesion, which
increase in frequency when the subjects are given
amphetamine to facilitate functional evaluation and
decrease in frequency on treatment with dopamine
agonists (37) or after electrical DBS (Fig. 1D,
right). This amphetamine-induced rotation test is
widely used for identifying treatments in hemi-
parkinsonian rodents and can be complemented
with other behavioral assays such as locomotion,
climbing, and head position bias. To inhibit the
excitatory STN neurons directly, we delivered len-
tiviruses carrying eNpHR under the CaMKIlo,
promoter to the right STN of the hemiparkinsonian
rats. CaMKIlo::eNpHR labeled with enhanced yel-
low fluorescent protein (EYFP) expression was
specific to excitatory neurons (as shown by
CaMKIIo and glutamate expression; Fig. 1B, right;
and fig. S2A), robust (95.73% + 1.96% SEM in-
fection rate assessed in # = 220 CaMKlla-positive
cells), and restricted to the STN (Fig. 1B, left and
middle). To validate the resulting physiological ef-
fects of optical control, a hybrid optical stimulation—
electrical recording device (optrode) was used in
isoflurane-anesthetized animals to confirm that
eNpHR was functional in vivo, potently inhibiting
(>80%) spiking of recorded neurons in the STN
(Fig. 1C; fig. S4, A and B; and fig S5A). This cell
type—targeted inhibition was temporally precise and
reversible, and it extended across all frequency
bands of neuronal firing (Fig. 1C and fig. S7A).

For behavioral rotation assays in the hemi-
parkinsonian rats, the STN-targeted fiber optic was
coupled to a 561-nm laser diode to drive eNpHR.
Electrical DBS was highly effective in reducing
pathological rotational behavior, but despite pre-
cise targeting and robust physiological efficacy of
eNpHR inhibition, the hemiparkinsonian animals
did not show even minimal changes in rotational
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behavior with direct true optical inhibition of the
local excitatory STN neurons (Fig. 1D). In addi-
tion, there was no effect on path length and head
position bias in response to light during these ex-
periments (29). Although muscimol and lidocaine
administration to the region of the STN in mon-
keys and rodents can relieve parkinsonian symp-
toms (32), the data in Fig. 1 show that the more

restricted intervention of selectively decreasing
activity in excitatory local neurons of the STN
appeared not to be sufficient by itself to affect
motor symptoms.

Another possibility is that DBS could be
driving secretion of glial modulators that would
have the capability to modulate local STN cir-
cuitry; this would be consistent with recent find-
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ings (33) indicating that a glial-derived factor
(adenosine) accumulates during DBS and plays a
role in DBS-mediated attenuation of thalamic
tremor. Indeed, the STN expresses receptors for
glia-derived modulators (34), which can inhibit
postsynaptic currents in the STN (35). ChR2
presents an interesting possibility for recruitment
of glia; when opened by light, in addition to Na"
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Fig. 1. Direct optical inhibition of local STN neurons. (A) Cannula placement,
virus injection, and fiber depth were guided by recordings of the STN, which is
surrounded by the silent zona incerta (ZI) and internal capsule (1C). (B) Con-
focal images of STN neurons expressing CaMKllo.::eNpHR-EYFP and labeled
for excitatory neuron-specific CaMKlla (right). (C) Continuous 561-nm illumi-
nation of the STN expressing CaMKllo::eNpHR-EYFP in anesthetized 6-OHDA
rats reduced STN activity; representative optrode trace and amplitude spec-
trum are shown. Mean spiking frequency was reduced from 29 + 3to 5 + 1 Hz
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(means + SEM, P < 0.001, Student's t test, n = eight traces from different STN
coordinates in two animals). (D) Amphetamine-induced rotations were not
affected by stimulation of the STN in these animals (P > 0.05, n = 4 rats, t test
with u = 0). The red arrow indicates direction of pathologic effects; the green
arrow indicates direction of therapeutic effects. The electrical control im-
planted with a stimulation electrode showed therapeutic effects with HFS (120
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to 130 Hz, 60-us pulse width, 130 to 200 pA, P < 0.05, t test with u = 0).
Percentage change of —100% indicates that the rodent is fully corrected.
Data in all figures are means = SEM ns, P > 0.05; *P < 0.05; **P < 0.01; and
***Pp < 0.001.
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STN activity with delay to onset of 404 + 39 ms and delay to offset of 770 + 82 ms (n =
five traces from different STN coordinates in two animals), nevertheless, the 50% duty
cycle also inhibited spiking, with delay to onset of 520 + 40 ms and delay to offset of
880 * 29 ms (n = three traces from different STN coordinates in two animals) with P <
0.001. (€) Amphetamine-induced rotations were not affected by 50% duty cycle
illumination in these animals (right, P > 0.05, n = seven rats, t test with u = 0).
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