
Innovative multidisciplinary 
approaches and treatment 

strategies

Merab Kokaia (Sweden)



Innovative approaches

• Gene therapy

• Cell (stem cell) therapy

• Optogenetics



Gene therapy: in vivo and ex vivo

in vivo
ex vivo
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Kv1.1 gene therapy decreases neuronal 
excitability and epileptiform events in 

neocortical epilepsy model: 
anti-epileptic effect 

Wykes et al., & Kullmann, Sci. Transl. Med., 2013

Tetanus toxin 

Kv1.1/GFP expression
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MRI of intrahippocampal 
kainate-treated rat brain

Nikitidou et al., & Kokaia, 2013, submitted

Unilateral combinatorial gene 
therapy of TLE with neuropeptide Y 

and its receptor Y2

Spontaneous seizuresSE Epileptogenesis

gene therapy



Combinatorial gene therapy with 
FGF-2 and BDNF during early epileptogenesis 

decreases seizure frequency and severity: 
anti-epileptogenic effect

Paradiso et al., & Simonato, PNAS, 2009

Spontaneous seizuresSE Epileptogenesis

Transient gene therapy
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Induced pluripotent stem (iPS) cell-derived neurons 
for epilepsy treatment

Advantages of iPS cells:
• No immune rejection
• No ethical issues
• Patient-specific cell therapy
• Drug screening
• Human disease models

Are these cells truly 
neuronal?
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Human iPS cells differentiate into GABAergic neuronal 
phenotype: could be used for cell therapy in epilepsy?

Avaliani et al., & Kokaia, 2013, submitted

Do these cells synaptically integrate into the host 
circuitry?



using viral vectors without perturbing the cell integrity
(2). When exposed to ∼470 nm blue light, ChR2-
expressing neurons are depolarized by a strong and
ultrafast current sufficient to induce single or multiple
action potentials (Fig. 2A, B). This responsiveness is pre-
cise and controllable in a high temporal manner (2).
Further molecular modifications of the gene encoding
the ChR2 protein have generated variants with improved
functionality, including faster deactivating kinetics and
long-lasting activation (3, 4).

Halorhodopsin

NpHR is a bacteria-derived light-sensitive chloride
pump, and when activated by ∼570 nm yellow light, it

generates fast chloride ion influx. NpHR has also been
genetically engineered for mammalian application and
displays similar fast temporal control as the ChR2 cation
channel. In neurons, activation of NpHR strongly hyper-
polarizes the membrane whereby it can effectively sup-
press action potentials (5, 6) (Fig. 2C, D). Improved
NpHR variants that are better tolerated and efficient for
neural silencing have been created (7, 8).

Since NpHR and ChR2 proteins are activated by separate
wavelengths of light, illumination with proper wavelength
allows independent control of ChR2- and NpHR-express-
ing cells for either initiation or inhibition of action potential
activity. Ultimately, full bidirectional control of the mem-
brane potential within a single neuron can be obtained,

M. Kokaia and A.T. Sørensen OPTOGENETIC CONTROL OF NEUROLOGICAL DISEASES

55THOMSON REUTERS – Drugs of Today 2011, 47(1)

Figure 2. Optogenetic control of cellular activity. (A) Channelrhodopsin-2 (ChR2) is a cation channel that can be expressed in the
membrane of defined neurons. When activated by blue light (peak activation ∼470 nm), cations diffuse instantly down their elec-
trochemical gradient into the cell and the cell membrane is depolarized. (B) Light activation of ChR2 permits high temporal con-
trol of the action potentials. In this example, 10 action potentials are induced by 10 pulses of 1 ms blue light (marked by blue color).
The membrane potential was recorded by whole-cell patch-clamp technique from a cortical layer II/III pyramidal cell expressing
ChR2 in a slice preparation. Scale bar 10 mV and 50 ms, respectively. (C) Halorhodopsin (NpHR) is a light-activated chloride-pump,
which hyperpolarizes the cell membrane by chloride ion influx, thus having opposing effects of ChR2. It can be expressed in mem-
branes of defined neural populations, and is activated by yellow light (peak activation ∼570 nm). (D) Activation of NpHR by yellow
light can effectively inhibit the generation of action potentials. In this example, continuous action potentials are totally inhibited by
yellow light illumination (marked by yellow color). The whole-cell patch-clamp recording is obtained from hippocampal CA1 pyram-
idal neurons expressing NpHR. Action potentials were trigged by constant current depolarization of the membrane. Scale bar 10
mV and 300 ms, respectively.

Optogenetic tools
bacterial membrane channels and pumps

Recording from grafted 
iPS cell-derived neuron

Light activation of host 
ChR2-expressing neurons
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Grafted iPS cells differentiate into functional neurons 
and receive afferent inputs from host

Recording from grafted 
iPS cell-derived neuron

Light activation of host 
ChR2-expressing neurons

Avaliani et al., & Kokaia, 2013, submitted

iPS iPS host



Optogenetics control seizures
Lentiviral vector

Tonnesen et al., & Kokaia, PNAS, 2009
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Optogenetics control seizures
NpHR in neocortical epilepsy: optogenetics inhibit epileptiform activity

Wykes et al., & Kullmann, Science Transl. Med., 2013

NpHR in post-stroke epilepsy: seizures are 
stopped by closed-loop optogenetics

Paz et al., & Huguenard, Nat. Neurosci, 2013

ChR2-PV interneurons in TLE: seizures are stopped by closed-
loop optogenetics

Krook-Magnusson et al., & Soltesz, Nat. Com., 2013

light
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Expected translational time-line: 
first clinical trial milestone

Beyond next 5 years

Gene therapy

Cell (stem cell) therapy

Optogenetic therapy

Within next 5 years

Appropriate EU-wide multidisciplinary collaborations and allocation of 
resources is necessary to achieve expected milestones


