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Optogenetics in epilepsy
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Optogenetics, the use of light to stimulate or inhibit neural circuits via viral transduction of protein channels,
has emerged as a possible method of treating epilepsy. By introducing viral vectors carrying algal-derived cation or
anion channels, known as opsins, neurons that initiate or propagate seizures may be silenced. To date, studies using
this technique have been performed in animal models, and current efforts are moving toward more sophisticated
nonhuman primate models. In this paper, the authors present a brief overview of the development of optogenetics and
review recent studies investigating optogenetic modification of circuits involved in seizures. Further developments

in the field are explored, with an emphasis on how optogenetics may influence future neurosurgical interventions.
(http://thejns.org/doi/abs/10.3171/2013.3 FOCUS1364)

Key Worps ¢ optogenetics

wide, or roughly 1% of the population, with a fre-

quency of 4 to 10 per 1000 people per year.?'?’
Treatment with antiepileptic drugs is frequently associ-
ated with poorly tolerated side effects, and the disease
has proven to be medically refractory in more than 20%
of patients.'® Resection of portions of the temporal lobe,
amygdala, and hippocampus has been found to be an ex-
cellent option in the small fraction of patients suffering
from temporal lobe seizures, with 86%—90% of patients
experiencing freedom from seizures at 2 years.?® How-
ever, not all patients experience seizures emanating from
the mesial temporal lobe, and of those that do, not all are
candidates for resection. Therefore, there is a continued
need for therapies that address focal epilepsies currently
not amenable to existing techniques.

There are two general approaches to controlling sei-
zures. The first approach, which is the basis of most an-
tiepileptic medications, is to alter the excitability of the
neural network to prevent seizures from ever occurring.
This pharmacological approach has led to many new an-
tiepileptic drugs over the past 5 decades, but the rate of
intractable seizures has remained stable.”* A second ap-
proach for those intractable seizures is to abort them just
as they begin, which has led to a search for medical de-
vices that can stop seizures on demand.” These “closed-
loop” devices, using a strategy similar to implanted cardi-

EPILEPSY affects more than 50 million people world-

Abbreviations used in this paper: EEG = electroencephalography;
GABA = y-aminobutyric acid.
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ac defibrillators, would confirm the presence of a seizure
and respond within milliseconds of onset, correcting the
aberrant neurons while leaving normal neurons unaffect-
ed. Closed-loop devices have the advantage of limiting
the intervention to specific times, which conserves power
and leaves the normal neuronal or glial physiology unal-
tered during interictal periods. In the last decade, elec-
trical stimulation of seizure foci via subdural or depth
electrodes has gained attention. Two recent multicenter,
double-blind, randomized controlled trials showed sig-
nificantly reduced seizure frequencies when stimulation
was applied. While the results are promising, perhaps of-
fering a novel treatment modality for epilepsy, electrical
stimulation lacks the precision of cell-type specificity.?

Optogenetics is the ability to use optical systems for
the stimulation or inhibition of a specific subset of neu-
rons by introduction of genes for light-gated channels.
This is a powerful tool to turn on and off circuits of inter-
est and has been applied to a variety of neurological and
some nonneurological diseases, including investigation
of myocyte physiology.>7!635 In this paper we present a
review of the recent literature regarding optogenetic tech-
niques and its application to epilepsy.

Optogenetic Tools

Optogenetics is a novel molecular intervention that
relies on naturally occurring opsins, or light-gated ion
channels, first identified in the early 1970s. The ion chan-
nel bacteriorhodopsin, found in the plasma membrane of
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Halobacterium halobium, undergoes a conformational
change in response to the absorption of light of a spe-
cific wavelength, resulting in the outflow of protons. This
efflux of ions generates a life-sustaining transmembrane
gradient and electric potential that the bacterial cell then
uses to drive adenosine 5'-triphosphate synthesis.?® At
a time when the intricacies of the chemiosmotic theory
were being clarified, opsins provided insight into a preva-
lent biochemical mechanism. However, these channels
would not be applied to neuroscience until three decades
later. In 2004, researchers effectively incorporated a pro-
ton channel (channelrhodopsin-1) and a cation channel
(channelrhodopsin-2) into mammalian neurons. These
opsins responded to flashes of light within millisec-
onds, resulting in neuronal depolarization in a precise
manner.>"® Genetic engineering improved upon several
aspects of the channels, with increases in photocurrent
amplitudes, protein expression, and action potential reli-
ability. Additionally, opsins were identified that were able
to permit depolarizing inflow of ions in a “red-shifted”
spectrum, important for neural application, as red light
has increased penetrance in brain tissue.!!

With the ability to turn on circuits, efforts were shift-
ed to identification of a channel to inhibit them, which
was achieved with a hyperpolarizing opsin from the halo-
philic archaebacterium Natronomonas pharaonis. This
pump, known as halorhodopsin, a heptahelical membrane
protein, converts all-frans retinal to 13-cis retinal, ex-
changing 1 photon for 1 chloride ion.!> The addition of a
C-terminal endoplasmic reticulum export motif onto the
halorhodopsin protein resulted in improved plasma mem-
brane localization,' and further optimization increased
the photocurrent amplitude. This version of the channel,
termed eNpHR3.0, has been shown to be safely and reli-
ably expressed in freely moving animals.’"* Continued
modifications have led to a variety of engineered opsins,
and recently, a tandem construct has been developed that
will enable expression of both an excitatory channelrho-
dopsin and inhibitory halorhodopsin in le vector.”” The
number of available opsins continues to grow and will
likely continue to be optimized for experimental and
human application. Figure 1 depicts overall function of
these channels.’

Opsins are delivered to cells of interest by a variety
of methods. Currently, injection of viral vectors into vari-
ous regions may be most applicable to clinical scenarios.
Subsets of cells within a region are selected using cell-
type specific promoters, and several of these cell types
are involved in epilepsy. The opsin genes themselves are
carried in viral vectors, typically adenoassociated virus
or lentivirus.> Another method of introduction involves
crossing Cre-recombinase knockin animals expressing
Cre in specific neurons with animals transfected with the
gene of interest. This results in expression of the opsin
channel only in those neurons expressing Cre-recombi-
nase in the cell type (for review, see Madisen et al.”7). An
example of the gene is shown in Fig. 2, including the op-
sin gene itself and the regions needed for effective trans-
location.!®

Light delivery to activate the opsins is another area
of research, with many different systems undergoing tri-
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als. Thin, cylindrical “optrodes” with a tip containing an
optical fiber and recording electrode are reminiscent of
deep brain stimulation electrodes.*> Other versions use an
optrode implanted in 1 area, with a separate micro-LED
array for recording. Before human use, these systems will
need to meet the standards currently used for other im-
plantable devices, with modifications made for patient
tolerance and safety.

Optogenetics in Epilepsy

Optogenetics has now been applied to numerous neu-
rological diseases,’’!¢*> as well as some nonneurologi-
cal applications, including stimulation of heart muscle.!?
Other cell types being targeted include medium spiny
neurons in the basal ganglia for studying Parkinson dis-
ease,”” midbrain ventral tegmental area dopaminergic
neurons in depression models,* and dopamine D1-ex-
pressing neurons of the prefrontal cortex to investigate a
circuit underlying temporal control of behavior.’ Prob-
ing various physiological mechanisms has also become
a focus of optogenetic manipulation, with recent studies
elucidating a role of ventral surface astrocytes in control
of breathing.’ In epilepsy, optogenetics has become an at-
tractive option to silence hyperactive neurons, with tar-
geting of those believed to initiate or propagate seizures.

Epilepsy presents a difficult entity to study because
of the large number of network pathologies that initiate or
propagate seizures. However, there are several recent stud-
ies that aim to leverage the selectivity of optogenetics to
analyze and control network dynamics in several animal
models of seizures. Epilepsy is characterized by overac-
tivity of various circuits,?? and consequently, many of the
current investigations have focused on ways to silence or
inhibit overactive circuits. The ability to selectively target
mammalian hippocampal neurons was a first step toward
probing this disease pathway, and was achieved using the
inhibitory opsin halorhodopsin in organotypic cultures of
mouse hippocampi.’” Following this achievement, halor-
hodopsin was used in selected principal glutamatergic
neurons in the hippocampus.®® In this mouse model, the
injection of a lentiviral vector into CAl and CA3 pyra-
midal cells resulted in hyperpolarization in response to
orange light (wavelength 573—613 nm). Action potentials
were attenuated and paroxysmal depolarizing shifts were
curbed, suppressing epileptiform activity. Importantly,
the presence of the virally transfected opsins into neurons
did not affect normal physiological properties of cells. To
test this, organotypic hippocampal slices were subjected
to complete darkness, and various properties of the cells
were tested. Parameters including input resistance, rest-
ing membrane potential, action potential threshold and
duration, amplitudes in response to hyperpolarizing and
depolarizing pulses, and accommodation of cells to ac-
tion potentials were similar in the halorhodopsin neurons
in comparison with the controls.

Recently, this technology has been demonstrated in
3 different in vivo rodent models of epilepsy. In the rat
tetanus toxin injection model, principal neurons were
transfected with a lentiviral vector carrying halorho-
dopsin 2.0. Illuminating the transfected cells with 561-
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Fie. 1. Type | microbial rhodopsins. Bacteriorhodopsins (BRs) and proteorhodopsins pump protons from the cytoplasm to
the extracellular medium, and halorhodopsins (HRs) pump chloride into the cytoplasm; all 3 hyperpolarize the cell. Sensory
rhodopsins (SRs) lack transmembrane ion transport in the presence of the His (histidine) kinase transducer protein Htr, and algal
channelrhodopsins (ChRs) conduct cations across the membrane in both directions but always along the electrochemical gradi-
ent of the transported ions. In SRs and ChRs, proton translocation within the protein is linked to efficient photocycle progression,
but these protons are not necessarily exchanged between the intra- and extracellular spaces. Reprinted from Cell 147: Zhang F,
Vierock J, Yizhar O, et al., The microbial opsin family of optogenetic tools, pp. 14461457, 2011, with permission from Elsevier.

nm wavelength light resulted in decreased epileptiform
EEG activity. Decreased high-frequency power was also
observed, which correlate to bursts of activity in human
epilepsy, and event frequency also diminished.?

The other two examples used a closed-loop strategy to
abort seizures. In the first, a cortical stroke model was used
in rats to promote seizures induced by photothrombosis,
in which animals were first sensitized by injection of Rose
Bengal dye, after which illumination resulted in increased
light absorption and focal thrombosis. Intracranial EEG
electrodes confirmed spontaneous epileptiform oscilla-
tions in the thalamus and cortex of injured rats but not in
controls, correlating with thalamic network hyperexcitabil-
ity. To determine whether these hyperactive thalamic cells
could respond to light and silence seizure activity, a viral
vector was injected consisting of the cell-type specific pro-
moter Camk2a, the halorhodopsin eNpHR3.0, optimized
with membrane trafficking signal motifs, and a reporter
(eYFP, yellow fluorescent protein). The promoter ensured
that only excitatory thalamic cells would be subject to viral
transduction. Injections were performed stereotactically
into the ventrobasal thalamus, followed by slice prepara-
tion for in vitro whole-cell recordings, as well as chronic
recordings and stimulation in freely moving animals. To
perform the chronic recordings, a device containing mul-
tiple EEG electrodes and chronic multisite optrode was
implanted into the injected thalamus and peristroke cortex.
Yellow light of a wavelength 594 nm was delivered, which
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Fic. 2. A bicistronic vector used to express channelrhodopsin-2
(ChR2) and halorhodopsin (eNpHR3.0) in the same neuron. The 2 op-
sin genes are linked using a 2A self-cleavage linker. ITR = inverted
terminal repeat; hSyn = human synapsin | promoter; P2A = peptide 2A;
mCherry = monomeric Cherry; hGH polyA = human growth hormone
poly adenosine; WPRE = woodchuck hepatitis posttranscriptional regu-
latory element. Reprinted from Biol Psychiatry 71: Mei Y, Zhang F, Mo-
lecular tools and approaches for optogenetics, pp. 1033-1038, 2012,
with permission from Elsevier.
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resulted in silencing of epileptic EEG activity in thala-
mus and cortex and correlated with abortion of behavioral
seizures as well. Lower intensity light was not effective,
and the 594-nm light did not affect interictal EEG trac-
ings or behaviors. The authors also developed a method of
detecting and interrupting seizures online by routing to a
real-time processor capable of determining seizure onset,
which triggered light stimulation and resulted in seizure
abortion within 1 second.?*

Following this report, optogenetic silencing of sei-
zures was tested in a model of temporal lobe epilepsy.
Here, mice were injected with kainic acid unilaterally
into the dorsal hippocampus, and 2 methods of seizure
control were explored: inhibition of excitatory principal
cells and stimulation of inhibitory GABAergic cells. Op-
sins were expressed by using transgenic animals, crossing
mice expressing the Cre-lox recombinase in either prin-
cipal cells or parvalbumin-containing GABAergic inter-
neurons with those expressing halorhodopsin or channel-
rhodopsin-2, respectively. With this method, only cells
containing Cre were able to express the opsin of interest,
ensuring specificity. As in previous studies, a reporter
fluorescent protein was also expressed. Seizure detection
was achieved via depth electrodes and tuning of seizure
“signatures” (magnitude, amplitude, width, rate, and fre-
quency) with custom software. For inhibition of principal
neurons with halorhodopsin, amber light of wavelength
589 nm was delivered via an optical fiber implanted in the
ipsilateral hippocampus upon seizure activity detection.
All animals (n = 6) responded with silencing of electro-
graphic seizures, with a majority (57% + 12%) aborted
within 1 second. The percentage of seizures aborting
within 5 seconds was approximately 70%, and was unaf-
fected by light duration (30 seconds vs 10 seconds). Fur-
ther interrogation was made into the effect of red-shifted
light, which has increased tissue penetrance, but is subop-
timal for channelrhodopsin-2. This 635-nm light aborted
46% + 12% seizures within 1 second of illumination. One
animal in particular responded with 100% of seizures
aborting within 1 second.” The results from this portion
of the experiment are shown in Fig. 3.

Activation of parvalbumin-GABAergic neurons us-
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Fic. 3. Seizure control in mice expressing halorhodopsin (HR) in principal cells in @ model of temporal lobe epilepsy. a:

Crossing CamK-Cre and Cre-dependent HR mouse lines generated mice expressing the inhibitory opsin HR in excitatory cells
(Cam-HR mice). b: Experimental timeline. c—e: Example electrographic seizures detected (vertical green bars), activating
amber light (589 nm) randomly for 50% of events (light: amber line, example in d; no light example ine).  f: Typical example dis-
tribution of postdetection seizure durations (5-second bin size) during light (solid amber) and no-light internal control conditions
(hatched gray). Inset: First 5-second bin expanded, 1-second bin size. Note that most seizures stop within 1 second of light
delivery. Adapted from Nat Commun 4: Krook-Magnuson E, Armstrong C, Oijala M, Soltesz I, On-demand optogenetic control of
spontaneous seizures in temporal lobe epilepsy, p. 1376, 2013, with permission from Elsevier. KA = kainic acid.

ing channelrhodopsin-2 also resulted in reduced seizure
duration. Blue light delivery (wavelength 473 nm) abort-
ed 59% + 11% of seizures within 5 seconds. This was a
significant finding, as these cells make up less than 5%
of hippocampal neurons, suggesting that even in a small
population of targeted cells, optical stimulation of trans-
genic cells may be efficacious."

Future Directions

These studies form the basis of our understanding
of how to use light-activated channels as a therapeutic
option for seizure control. Much remains to be learned
from the use of opsins and light delivery, and many tech-
nical aspects must still be optimized before application
to humans, several of which may prove to be substantial
challenges. Among these aspects are investigation of the
human immune response to these foreign proteins, the
stability of viral vectors in neural tissue, and optimization
of light delivery with chronically implanted devices. Thus
far, application of this powerful tool has been success-
ful in elucidating normal and pathological mechanisms,
and some inquiry has been made into therapeutic applica-
tions, such as those presented here concerning epilepsy.
The development of a nonhuman primate model is one
recent achievement that may increase understanding of
how optogenetics may be applied to humans.®
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Conclusions

Epilepsy is a prevalent disease conferring a signifi-
cant burden to the people affected. Despite best pharma-
cological treatment, medical therapies leave more than
20% of patients with refractory disease. Resection of a
seizure focus is one alternative treatment, but with the
large number of patients in whom surgery is not an option,
there continues to be a need for novel therapies. Recent
progress has been made in the field of neurostimulation
via subdural or depth electrodes, but efficacy has not yet
been definitively borne out in clinical trials. One limita-
tion to these previous therapies is the inability to precise-
ly target aberrant cells and circuits while leaving others
unaltered. For this reason, optogenetics has emerged as a
possible technique, and several recent studies have inves-
tigated its usefulness in animal models. Although still in
the early stages, introduction of light-gated ion channels
into neurons via transgenic methods has shown to be pos-
sible. Light delivery to the region of interest, with the re-
sultant opening and closing of these channels, leading to
depolarization or hyperpolarization, has also been shown
in numerous studies. Much remains to be understood be-
fore application to humans, including optimization of op-
sin introduction, light delivery, and device implantation.
Furthermore, the safety of these channels will need to
be determined. However, the ability to specifically alter
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a defined circuit in a reversible but reliable manner may
provide insight into the mechanism of epilepsy as well as
a possible therapy.
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