
Microbial Proteins as Novel Industrial Biotechnology Hosts
to Treat Epilepsy

Zareen Amtul1 & Amal A. Aziz2

Received: 16 June 2016 /Accepted: 31 October 2016 /Published online: 1 December 2016
# Springer Science+Business Media New York 2016

Abstract Epilepsy is characterized by the hyperexcitability
of various neuronal circuits that results due to the imbalance
between glutamate-mediated excitation of voltage-gated cat-
ion channels and γ-amino butyric acid (GABA)-mediated in-
hibition of anion channels leading to aberrant, sporadic oscil-
lations or fluctuations in neuronal electrical activity. Epilepsy
with a risk of mortality and around 65 million sufferers of all
ages all over the world is limited therapeutically with high
rates of adverse reactions, lack of complete seizure control,
and over 30% patients with refractory epilepsy. The only al-
ternative to medicines is to identify and surgically remove the
seizure foci in the brain or to abort the seizures just as they
begin using an implanted cerebral electrode. However, these
alternatives are unable to precisely aim aberrant neuronal cir-
cuits while leaving others unaltered. Epilepsy animal models
also constitute the identical constraint. Thus, a better target-
specific approach is needed to study and treat epilepsy.
Unicellular green algaeChlamydomonas reinhardtii expresses
a channelrhodopsin-2 (ChR2) sodium ion channel protein that
controls the phototaxis movement of algae in response to blue
light. Similarly, archaeon Natronomonas pharaonis (NpHR)
expresses a monovalent Cl− channel protein halorhodopsin
that responds to yellow light. These features of ChR2 and
NpHR proteins can be used in optogenetic techniques to ma-
nipulate the bi-directional firing pattern of neuronal circuits in

an attempt to better understand the pathophysiology of epilep-
tic seizures as well as to discover novel potential drugs to treat
epilepsy.
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Introduction

The word epilepsy came from ancient Greek meaning to seize,
possess, or afflict. Epilepsy is a mental ailment of the central
nervous system (CNS) with characteristic recurring
ictogenesis or the generation of seizures. A seizue, a newer
term for fit, came from the Latin word sacire, meaning Bto
take possession of,^ is also called convulsion which is an
older term for a tonic–clonic seizure. A seizue is an outward
appearance of abnormal, synchrounous, recurrent, and spon-
taneous release of electrical activity that arises from the aber-
rant excessive excitement of neurons. Seizures may result ei-
ther due to the upregulation of excitatory circuits or downreg-
ulation of inhibitory circuits [1] of a population of neurons or
due to the imbalance between glutamate-mediated excitation
or the γ-amino butyric acid (GABA)-mediated inhibition of
neurons. Clinically, seizures are manifested as an
uncontrolable shaking of the body or alterations in sensory
perception, autonomic function, motor control, or conscious-
ness, and more. Physiologically, two concurrent events help
initiate a seizure: first are high-frequency, low-amplitude
bursts of neuronal firing that result due to the relatively ex-
tended hyperexcitation of the neuronal membrane and second
is the hypersynchronized activity of a population of neurons.

The hyperexcitation of cortical neurons caused by the ex-
citatory contribution of the reticular formation neurons of
brainstem is a critical condition of epileptic activity. Nucleus
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basalis of Meynert as well as cortically triggered oscillatory
activity of the reticular thalamic nucleus (RTN) also contrib-
utes to the epileptic activity. The RTN is a tightly organized
entity located in the thalamus and has a significant inhibitory
or modulatory effect on the thalamic relay of information to
the cortex [2]. Cytoarchitecturally, RTN is divided into three
anatomical sectors: rostral, posterior, and intermediate; each
sector is connected with more than one thalamic nucleus [3].
The rostral part of the RTN is implicated in motor and limbic
functions. Studies of the cellular composition of the RTN have
shown to contain a homogeneous population of GABAergic
neurons, besides other neurons, as shown by anti-GABA an-
tibodies [4, 5]. Homogeneous population of inhibitory
GABAergic neurons of rostral RTN is central to the genesis
of oscillations and synchronous activity during sleep and ep-
ileptic seizures [6].

Epilepsy confers a significant burden to the people affect-
ed. Despite the best pharmacological treatment and medical
therapies, there are around 30% of patients with refractory
epilepsy. Neurostimulation via subdural or depth electrodes
has emerged recently, but its effectiveness in clinical trials
has not been really tested. One alternative treatment is to sur-
gically remove the seizure focus, but there are a large number
of epileptics who are not suitable candidates for such type of
surgeries. A common limitation to the existing therapies is not
being able to target the aberrant neuronal circuits precisely
while leaving the healthy cells untouched. Hence, to discover
and develop novel anti-epileptic treatments that could specif-
ically cure the sick neurons, whenever required, is a continu-
ous necessity in epileptic research.

Recently, a new type of light-gated microbial ion channel
proteins called opsins have emerged as novel industrial bio-
technology hosts or microbial metabolic engineering product
to study and treat epilepsy. Brain activity can be controlled
and monitored on a range of spatial and temporal resolution
from an isolated neuron to complex neuronal circuits [7] when
these opsins are transfected into the aberrant neurons by com-
bining the transgenic methods and optogenetic techniques.
Although still in infancy using genetic the toolbox, the intro-
duction of light-sensitive opsins into the cultured neurons or
freely moving animals has shown to be possible [8, 9].
Delivery of specific wavelength light to these neurons, using
optical fibers, results in the opening and closing of ion channel
opsins that may lead to either depolarization or hyperpolari-
zation, depending on the type of ions being transported in or
out of the neurons. In recent years, optogenetic approach has
revolutionized the field of neuroscience, allowing minimally
invasive and spatiotemporal control of neuronal activity that
has not been achievedwith any other technique before, includ-
ing electrophysiology. So far, animal models have been the
subject of optogenetic approaches; however, efforts are being
made to use more sophisticated models, such as nonhuman
primates. This review highlights the basics and specifics of

how microbial proteins can be combined with optogenetic
technology to enhance our understanding and the treatment
of not only epilepsy but also other mental ailments. In addi-
tion, we tried to elaborate the fundamentals of epileptic path-
ophysiology including action potential.

Nervous System

Under this heading, we will briefly describe the relevant com-
ponents of the nervous system, neurotransmitters, concept of
action potential and its types, brain waves, and how brain
waves are recorded to help understand the pathophysiology
of epilepsy.

Nervous system with 1010–1011 neurons, each constituting
up to 104 excitable synaptic contacts, participates in coordi-
nating the voluntary and involuntary activities of a living or-
ganism by transmitting signals to and from different body
parts. The nervous system leads to an extraordinarily intricate
and highly developed network composed of approximately
100 trillion (1014) synapses. In general, a neuron is composed
of a single cell body, one or multiple cellular projections called
dendrites, one axon, and one or more axon terminals. The
primary function of dendrites is to receive the information,
whereas cell body and axon process transmit that information
to other neurons respectively. Electrical excitability and being
able to communicate with other cells via electrical signals or
synapses is the most fundamental characteristic of neuronal
cells that distinguish them from other cells.

Anatomical Division of Nervous System In vertebrates, the
nervous system is composed of the CNS and the peripheral
nervous system (PNS). The brain and spinal cord constitute
the CNS, whereas the PNS is comprised of nerves (cranial and
peripheral) and ganglia. The brain has three central divisions:
forebrain, midbrain, and hindbrain. The cerebrum and dien-
cephalon constitute the forebrain, the midbrain contains teg-
mentum and tectum, while the hind brain is the home of pons,
medulla oblongata, and cerebellum. The cerebrum is the most
anterior part of the brain, a longitudinal fissure divides the
cerebrum into two hemispheres. Each hemisphere contains
five distinct lobes: frontal, temporal, parietal, and occipital
that cover the surface of brain, whereas the fifth lobe insula
is hidden under the Sylvian fissure.

Epileptic Neuronal Circuits Epilepsy represents a challeng-
ing mental condition to study because of the involvement of a
large number of overactive neuronal circuits that may be the
site of seizure initiation or propagation (reviewed in [10, 11]).
Additionally, new recurrent excitatory circuits that are formed
after brain injuries also contribute heavily to the epileptic
seizures [12].
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Thalamus The thalamus is one of the brain regions that inter-
acts directly or indirectly with the seizure network. Along with
the epithalamus and hypothalamus, the thalamus constitutes
the largest component of diencephalon, the caudal (posterior)
part of the forebrain. The thalamus is the primary site of syn-
apse or information relay from all of the sensory pathways
except olfaction on their way to the cerebral cortex, with
which it is connected together in a thalamocortical loop.

Thalamocort ical Circuits Thalamocor t ica l and
corticothalamic pathways are the fundamental network of
neurons that participate in initiation and propagation of sei-
zures. They include pyramidal cells with collateral afferents to
the sensory and RT neurons and inhibitory projections from
the RTN to the GABAergic interneurons of different cortical
layers as well as to thalamocortical neurons [13] (Fig. 1a). In
the cerebral cortex, the pyramidal cells, amygdala, and hippo-
campus (the forebrain regions) are considered the key excita-
tion focus. Chronical injuries in the neocortex have also been
shown to result in over excitation or epileptogenic activity of
pyramidal neurons [14].

Depending on the status of a voltage-dependent intrinsic
membrane conductance, thalamic relay cells in a
thalamocortical loop stimulate the cortical pyramidal cells in
a burst or tonic response mode. Besides having distinctly dif-
ferent information processing consequences, both burst and
tonic modes participate in an efficient relay of information to
the cortex in behaving animals [15]. This allows the thalamus
not only to facilitate but also to be a part of the dynamic relay
that affects the format and nature of information on its way to
the cortex. A particular type of network malfunction or defect
in the dynamics of thalamocortical circuit and its interaction
with other cerebral regions may cause a neurological illness.

Reticular Thalamic Nucleus The thalamus consists of vari-
ous groups of neuronal cell bodies called nuclei. The reticular
thalamic nucleus (RTN) is a thin shell of neuronal soma that
forms a capsule or covers the entire lateral aspect of the thal-
amus. Besides other neurons, the RTN consists of
hyperpolarized pace making GABAergic neurons that release
GABA neurotransmitters (Fig. 1b). Due to the GABAergic
neurons, the RTN is called the pacemaker for thalamic oscil-
lations and occupies a distinct governing position in the brain.
Bursting properties of the RTN inhibitory cells are analogous
to thalamocortical neurons. Epilepsy results due to a specific
defect in the excitatory synapses connecting the
corticothalamic and GABAergic RTN [12].

It is the RTN input that largely controls the thalamocortical
activation mode by hyperpolarizing the relay cells via GABA
type B (GABAB) receptors and their own inhibition by adja-
cent reticular cells via GABA type A (GABAA) receptor ac-
tivation. The RTN is activated by cortical pyramidal cells in a
feed-forward loop. This circuit is modulated by ascending

serotonergic, dopaminergic, and noradrenergic inputs from
brain stem regions.

NeurotransmittersNeurotransmitters are substances released
by the presynaptic neurons into the synaptic clefts, where they
bind to the specific receptors on postsynaptic dendrites or
soma. Ligand binding to postsynaptic receptors results in the
activation of ion transport via ion pumps. Glutamate, GABA,
acetylcholine, dopamine, norepinephrine, histamine, and se-
rotonin are the major neurotransmitters of the brain.
Hormones and neuropeptides also perform a key role in mod-
ulating the physiological effect of neurotransmission in the
long run.

Glutamate The amino acid glutamate is the major excitatory
neurotransmitter. Receptors for glutamate neurotransmitter are
usually found on postsynaptic excitatory neurons and inhibi-
tory interneurons. Glutamate receptors have several subtypes.
These are N-methyl-D-aspartate (NMDA), kainate, and alpha-
amino-2, 3-dihydro-5-methyl-3-oxo-4-isoxazolepropanoic
acid (AMPA) receptors (Fig. 2). The ionotropic subclasses
of glutamate receptors allow the transport of sodium (Na+)
and potassium ions (K+) across the cellular membrane that
contributes to the generation and propagation of action poten-
tial and membrane depolarization. Cation permeability and
differential binding to various pharmacologically active

Fig. 1 The thalamocortical pathway includes pyramidal cells and
interneurons of different cortical layers with collateral afferents
projected to the reticular thalamic nuclei (RTN) and sensory thalamus
and inhibitory projections from the RTN to the GABAergic interneurons
of cortex and to thalamocortical neurons (a). The RTN is a thin shell of
neurons that forms a capsule or covering the entire lateral aspect of the
thalamus (b)
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agonists or antagonists are the distinct properties of glutamate
receptor subtypes. Kainite, AMPA, and NMDA agonists have
been shown to induce while their antagonists suppress seizure
activity in animal epilepsy models. Excessive accumulation of
Na+ within the cell, or even systemically, is detrimental as it
may result in edema, seizures, or even death in certain
conditions.

GABA The major inhibitory neurotransmitter in verte-
brate nervous system, GABA, binds with GABAA and
GABAB receptors subtypes. GABAA and GABAB re-
ceptors modulate synaptic release from their postsynap-
tic and presynaptic locations, respectively. In the adult
brain, once activated, GABAA receptors allow the influx
of chloride ions (Cl−), which hyperpolarizes the mem-
brane and inhibits the generation and propagation of
action potentials (Fig. 2). Thus, substances like benzo-
diazepines and barbiturates, which are agonists of
GABAA receptor, suppress seizure activity. Rather than
being associated with Cl− channels, GABAB receptors
belong to second messenger system due to being the
member of ligand-gated channels. Owing to their pre-
synaptic location, GABAB receptors attenuate the re-
lease of neurotransmitters. Opening of K+ channels and
thus hyperpolarization is often led by the second mes-
senger system. Certain agonists of GABAB receptors
such as baclofen are known to aggravate neuronal hy-
perexcitability and thus cause seizures.

Membrane Potential

One of the functions of neurons is to preserve a voltage dif-
ference in the exterior and interior of the cell called membrane
potential. As long as there is no perturbation to maintain the
resting membrane potential, the interior of the neuron keeps a
negative voltage as compared to the exterior. At the axon
hillock, the resting membrane potential is typically about
−60 to −70 mV (mV) whereas threshold potential is main-
tained at around −55 mV (reviewed in [16, 17]).

Action Potential Action potential is the characteristic of var-
ious excitable cell types, such as endocrine cells, muscle cells,
neuronal cells, and some plant cells as well. In neural cells,
action potentials are key to neuronal communications. In
physiological terms, there is a rapid rise and fall in action
potential of a cell in a short-lasting event, following a steady
path while communicating, as follows (Fig. 2):

1. When a stimulus from a postsynaptic neuron of an affer-
ent pathway reaches the end of a presynaptic axon as
excitatory postsynaptic potentials from a presynaptic

neuron, it causes the release of neurotransmitter mole-
cules into the synaptic cleft.

2. These neurotransmitters are then bound to various types
of ion channels or pumps or voltage-gated receptors em-
bedded in the cell membrane of soma or dendrites of
postsynaptic neuron.

3. Neurotransmitter binding opens the channels,
which are closed at the resting membrane poten-
tial, by switching their configuration from closed
to open states.

4. Opening of channels allows an influx of extracel-
lular Na+ or calcium ions (Ca2+) within the cells,
which increases the electrochemical gradient or
voltage difference by increasing the interior con-
centration of positively charged cations relative to
the exterior of the cell in the vicinity of the chan-
nels. This causes an additional increase in the local
cellular permeability of ions.

5. If the binding of neurotransmitters raise the voltage then
the cell’s resting potential, the synapse or the neurotrans-
mitter is called excitatory. However, the neurotransmitter
is called inhibitory if its binding decreases the membrane
voltage.

6. If the excitatory signal is not strong enough, then it de-
cays by the time it reaches the axon hillock, the trigger
point of action potential. If the excitatory signal is strong
enough and the interior voltage increases past a precisely
defined critical threshold value typically 15 mV higher
(from −60 mV up to −55 mV) by the time it reaches the
axon hillock, then the Na+ current persists and action
potential continues.

7. Continuation of action potential leads to a runaway state
where the feedback from the Na+ current opens or acti-
vates further voltage-dependent Na+ channels and neu-
ronal firing [18]. This explosive process continues until
all of the accessible cation channels are activated, raising
an even a greater voltage difference of up to about
+30 mVacross the plasma membrane in a process called
depolarization.

8. The rapid influx of Na+ reverses the plasma membrane
polarity by rapidly inactivating the cation channels at the
peak of the action potential. With the closing of Na+

channels, there is no more influx of Na+ into the neuron.
9. Potassium leak channels are then opened to expel

potassium ions out of the cell to create an exterior
K+ current in an attempt to return the electrochem-
ical gradient of neurons to the resting state. The
K+ efflux lowers the membrane potential, and the
membrane begins to repolarize towards its resting
potential.

10. The opening of potassium leak channels leads to the
opening of voltage-gated potassium channels, which
are much slower to open and close but expel
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comparatively greater amounts of K+ out of the cell.
By the time voltage-gated potassium channels are
closed, the efflux of the potassium current exceeds
the influx of sodium current. This repolarization,
typically called after hyperpolarization or the refrac-
tory period, overshoots the resting potential and the
voltage returns in a more negative territory then rest-
ing membrane potential to around −90 mV [19].

11. This transitory shift to negative membrane potential
caused by the surplus K+ would seem to be coun-
terproductive; however, this refractory period pre-
cludes the traveling back of an action potential,
makes sure of unidirectional proceeding of the sig-
nal as well as gives depolarization time for com-
pletion. Hyperpolarization also prevents any stimu-
lus that previously initiated an axon, from sending
additional signals in the reverse direction, or the
receipt of another stimulus throughout this period
by increasing the threshold for a new stimulus.

12. 10. Simultaneous opening of Na+ and K+ channels
would result in the neutrality of the system that may
preclude the generation of the action potential.

13. After hyperpolarization has occurred, the original resting
state of the membrane to −60 mV is maintained by the
Na+/K+ pump in due course.

14. The up-and-down voltage cycles of an action potential
created by a given cell are usually stereotyped or identi-
cal in shape, amplitude, frequency, and time course.

15. Following depolarization, depending on the cell type,
GABA receptors mediate the hyperpolarization by mod-
ulating the influx of Cl− or efflux of K+.

These rise and fall cycles of action potentials usually
occur in around a thousandth of a second. Some neurons
are very quiet and do not emit any action potential for
minutes or longer. In contrast, some neurons can gener-
ate as much as 10 to 100 action potentials in a second.
The rise and fall cycles of voltage difference or action
potentials are also called nerve spikes or impulses. The
temporal array of action potentials created by a cell at a
given time is called a spike train, and the neuron itself is
usually said to fire. Firing rate is the frequency at which a
neuron produces action potentials. The continuous se-
quence of depolarization, repolarization, and hyperpo-
larization is called the paroxysmal depolarizing shift.

Fig. 2 A typical larger than normal magnified neuron consisting of a
couple dendrites, a cell body, and one axon. Binding of excitatory
neurotransmitter glutamate (Glu) to its receptors results in the influx of
sodium ions (Na+) that changes the resting membrane potential to +30
from −60 mV in a process called depolarization. Immediately after, po-
tassium ion (K+) channels throw positively charged ions out of the cell to
bring back the membrane potential to −60 mV in a process called repo-
larization. Similarly, binding of GABA neurotransmitters to chloride ion

(Cl−) channels results in the entry of Cl− into the cell that makes the
membrane potential more negative or hyperpolarized. As a result, no
action potential is propagated. The action potential moves faster in the
myelinated axon compared to the axonal areas not insulated by themyelin
sheath (Nodes of Ranvier). In certain mental ailments, aberrant
GABAergic neurons lead to the prolonged neuronal depolarization and
firing of repetitive action potentials
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Types of Action Potentials Animal cells produce two major
types of action potentials.

Voltage-Gated Sodium Channels One type of action poten-
tial is created by voltage-gated Na+ channels. Such action
potentials are typically under one millisecond long. Na+-de-
pendent spiking is initiated when neurons are depolarized to
−55 mV from resting membrane potential levels in both
in vitro and in vivo conditions and usually persists throughout
the length of the membrane depolarization.

Voltage-Gated Calcium Channels The other type of action
potential is created by voltage-gated Ca2+ channels. Such ac-
tion potentials are typically 100 or more milliseconds long. In
certain neuronal types, slow spikes of Ca2+ drive the long
bursts of quickly emitted Na+ spikes. De-inactivation of
Ca2+ conductance through T-type Ca2+ channels (Cav3. 1–
3.3) produces an inward current of depolarization [20], which,
if sufficiently large, regenerates Ca2+-dependent spikes in ad-
dition to the ones which are activated by high frequency bursts
of Na+ action potentials. Ca2+-mediated bursts of low thresh-
old action potentials are the hallmark of the RTN firing at each
spike.

Firing Patterns of Action Potential Thalamic relay neurons
exhibit two very distinct response modes or firing patterns of
rhythmic activity; tonic and burst.

Tonic Firing Tonic firing patterns are often characterized by
steady regularly spaced spikes at a constant frequency, as
background activity at rest, and typically occur without pre-
synaptic input. However, not all neurons have tonic activity at
rest. Tonic firing may serve as keeping a steady background
level of a certain neurotransmitter or to serve as a mechanism
where either an inhibition or an increase in presynaptic input
can be transmitted. When a neuron is silent at rest, only an
increase in presynaptic activity can be transmitted
postsynaptically.

It is generally believed that tonic firing is only a feature of
waking state when both thalamic and cortical cells are flooded
by the action potentials train [21]. Behaving awaked states are
conventionally called desynchronized as compared to slow-
wave, large-amplitude oscillations detected in sound sleep
with non-rapid eye movement (non-REM) [22, 23].

Clonic Firing Tonic oscillation is generally evolved into
large-amplitude, low-frequency, slow-wave oscillations in a
phase called the clonic phase [24] (Fig. 3a).

Phasic Firing In contrast, phasic firing occurs after a neuron
is activated due to presynaptic activity in addition to any back-
ground activity a neuron may have. It is typically restricted to

one, a few, or a short burst of action potentials that quickly
return to the resting state.

Burst Firing As the name implies, the burst mode is a dy-
namic state of lower frequency rhythms or slow rhythmic
oscillations characterized by repeated firing of distinct groups
of high-frequency bursts of action potentials followed by pe-
riods of quiescence before the occurrence of the next burst.
Alternatively, burst firing could also be defined as quiescence
interspersed with high-frequency bursts of action potentials.
Firing patterns in bursting are regular alternations between
short and long interspike intervals.

When inhibited, thalamocortical cells go in the burst firing
phase and then are released from inhibition. A rebound burst
like this is typically known as a low-threshold spike. In re-
sponse to tonic inhibition, some neurons initiate burst firing
spontaneously. The function of the tonic mode is transparent,
whereas the function of the burst mode is obscure. It had been
thought that bursting is restricted to drowsiness, episodic, or
rhythmic slow-wave sleep or in certain neuropathologies.
Although not nearly as frequent, wakefulness can also be ac-
companied with bursting [15, 21].

Measurement of Action Potential The synchronized bursts
of brain waves or electricity signals given off at each of thou-
sands of neurons, when cells communicate, could be detected
at the scalp or cerebral cortex. Two cortical properties allow
the electrical potential of the brain to be recorded. First, rela-
tively identical polarity and orientation of almost all pyramidal
neurons. Second, the synchronous activation of most of the
pyramidal neurons that produce enough dipole to be detected.
The electrical signals from the individual neurons cannot be
picked up, since the smaller electrical charge generated by the
smaller cells is far too small. The summation of the dipoles or
electrical signals is amplified for detection and recording by a
device called electroencephalogram (EEG).

Electroencephalography EEG is one of the most efficient
tools in the diagnosis of epilepsy, altered levels of conscious-
ness (coma), sleep, and seizure disorders. However, EEG nei-
ther gives out electricity nor interprets the brain messages. The
EEG records the currents of the postsynaptic dendrites of cor-
tical pyramidal cells near the brain’s surface, through elec-
trodes placed on the scalp (about 1 cm across) and provides
information about spatiotemporal patterns of brain’s electrical
activity. A number is given to each electrode; left side of the
head is given all odd numbers, and the right side is given even
numbers. The electrodes are also given an English letter; ac-
cording to the brain area, it records the electrical activity from:
F for frontal, T for temporal, P for parietal, and O for occipital
lobes (Fig. 3). On the EEG, the fluctuations in the voltage
often appear as a rapid uphill spike followed by a quick down-
hill due to the rise or fall in membrane potential that frequently
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finishes lower than resting membrane potential, where it rests
for some time.

High-resolution recordings reveal that besides the spatially
limited high-frequency interictal movement, epileptic focus is
usually restricted to the cortical area around 1 mm2 in volume
or a few tens of thousands of neural population. Such high-
frequency brain activity could be best recorded with
subdurally inserted micro-wires surrounding the seizure focus
and as small as tens of microns in diameter. Each cycle of the
oscillation generated by the synchronous activity of neurons
comprised of a restricted brain volume, where tiny micro-
wires can record high frequency brain signals over 500 Hz.
Surface areas of microelectrodes is usually around 10−3 mm2

as compared to the conventional microelectrodes of around
10 mm2 (reviewed in [25].

Patch Clamp The 1970s and early 1980s emerged as the
years with major advancements in cellular electrophysiology
with the development of patch clamp technology [26]. Patch
clamping allows electrical recordings from the inside or out-
side patches of the neuronal membrane in addition to whole-
cell recording. Patch clamping is carried out with smooth glass
pipettes of around a 1-μm tip diameter in order to make them
stick to the cell exterior efficiently enough to evenmeasure the
leak resistance in giga-ohms as well as to provide a low noise-
to-resistance ratio for the signal.

Brain Waves Measured by EEG The EEG recording shows
that the brain produces different types of waves or frequency
bands. On the EEG, each wave-type appears differently due to
the amplitude, per second number of waves, area of the brain,
and physiological time at which wave is originated, such as:

Alpha Waves Alpha waves usually occur at 8 to 13 or more
Hz or waves/s, seen in relaxing adults with their eyes closed.
Alpha waves appear more clearly in the brain region respon-
sible for the sight and vision, i.e., occipital lobe.

BetaWavesBeta waves consist of more than 13 Hz or waves/
s, observed more often in awake people. Beta waves are more
frequently observed in the brain region involved in conscious
thought and movement, i.e., frontal lobe as well as in central
brain regions.

Theta Waves Theta waves vary in frequency from 4 to 7 or
more Hz or waves/s, observed in young children or during
sleep, however, not in awake adults. Theta waves are also
known as slow activity waves.

Delta Waves Delta waves are the slowest brain waves with
only 0 to 3 or more Hz or waves/s; however, delta waves have
the strongest signal with highest amplitude. Delta waves are
commonly seen in under a year old babies. Delta waves are
also observed during some sleeping states.

GammaWavesGamma waves with 26 to 100 Hz or waves/s
are considered a biomarker for excitatory activity.

Spikes Due to their distinct appearance on the EEG and fast
occurrence, certain brain waves stand out from other brain
activity and are called spikes. Spikes usually last less than
one twelfth of a second or less than 80 milliseconds with a
slow delta wave like pattern to follow.

Polyspikes Polyspikes, as the name suggests, is given to a
continuous and quick series of spikes.

Spike WavesWhen one or more brief spikes are followed by
a slow wave, for roughly around three times in a second, they
are called spike waves.

Sharp Waves Sharp waves are observed over a period of 80
to 200 milliseconds.

Fig. 3 Electroencephalography (EEG) of a generalized (a) and child-
hood absence epilepsy (b) patient from the left and right frontal (F),
temporal (T), and occipital (O) brain regions. Generalized epilepsy patient
(a) shows normal (i) bilateral, low-amplitude, high-frequency tonic spikes

at >13 Hz/s (beta waves) (ii) clonic and (iii) postcompulsive coma (iv)
phases. Absence epilepsy patient (b) shows a characteristic bilaterally
synchronous, spike-wave discharge pattern at 2.5–4 Hz/s (delta waves)
lasting for 5 s
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EEG of Generalized Epilepsy Grand mal is an older term for
generalized or tonic–clonic seizure that affects both hemi-
spheres of the brain [27]. On the EEG, it shows a sudden intrin-
sic rhythmic discharge of electricity that usually occurs through-
out or most of the cerebral areas from burst to tonic mode and
results in tonic trains of action potentials in the atonic phase.
Generalized epileptic seizures usually constitute neural parox-
ysmal fast activity with low-amplitude, high-frequency spikes
of around 13 or more per second (Fig. 3a). Some seizure types
in generalized epilepsy demonstrate a rhythmic burst firing pat-
tern in thalamocortical neuronal networks [28, 29].

EEG of Childhood Absence Epilepsy Non-convulsive ab-
sence epilepsy, formerly called petit mal, has an age of onset
between 4 and 10 years. The prognosis of childhood absence
epilepsy (CAE) is goodwith ∼75% of children outgrowing the
absence seizures during adolescence. On the EEG, absence
epilepsy spell shows a characteristic generalized, bilaterally
synchronous periodic spike or spike-wave discharge (SWD)
or slow-wave discharge [30] at 2.5 to 4 Hz (occipital rhythmic
delta) in 15 to 40% of cases (Fig. 3b). After remission of
absence epilepsy spells, the interictal EEG is observed in some
children. The spike is topographically distributed more pro-
foundly in the frontal cortex, while parietal and occipital cor-
tices are the home to wave oscillations. At onset, the discharge
of electrical activity is mostly somewhat faster than 3 Hz that
appears to slow down towards the end. When a seizure ends,
the patient immediately resumes prior conversation or activity.
The seizures start abruptly and generally last from 5 to 20 s.
Rodent absence epilepsy models produce spike and slow-
wave form of brain activity with rather fast frequency of 5 to
10 Hz a second compared to humans [31].

However, so far, the spatiotemporal topographies of absence
and tonic–clonic seizures have not been well understood.
Nevertheless, tonic absence seizures and absence tonic–clonic
seizure have been named as the two distinctive seizure types
[32, 33]. Clinical experiments show that absence seizure may
lead to tonic–clonic activity [32], and an absence seizure can
accompany a tonic seizure [33]. Thus, in the EEG of epileptics
or patients with seizures, both the absence and tonic–clonic
seizures show a pathological nonlinear phenomena.

Epilepsy Treatment

Ethosuximide and valproic acid (low-threshold calcium
channel blockers) in thalamic neurons [34] are effective for
treating absence seizures [35]. In general, epilepsy is limited
therapeutically with high rates of adverse reactions and lack of
complete seizure control. Alternatively, epilepsy is treated by
deep brain stimulation, a strategy similar to implanted cardiac
defibrillators, which indiscriminately stimulates all nerve cells
in a certain brain region including the ones that are not

associated in epileptic seizures, hence reducing efficacy and
even results in undesirable side effects. The other alternative
to antiepileptic medications is to identify and surgically re-
move the seizure foci in the brain, such as temporal lobe,
amygdala, and hippocampus in the small fraction of patients
suffering from temporal lobe epilepsy. In that case, around 86
to 90% of patients experience freedom from seizures at 2 years
[36]. Nevertheless, surgery has not been an option in a great
majority of epileptics and not all epileptics are candidates for
resection.

Animal models of epilepsy are critically vital not only to
understand the primary mechanisms of the disease state but
also for therapeutic interventions or examining the effective-
ness of new drugs [37] that can be used to treat epilepsy [38].
In animal models, epilepsy is usually elicited by chemical and
electrical stimulations. Still, with electrical stimulation, it is
impossible to target specific neuronal types precisely.
Additionally, it creates huge artifacts which interfere with
the recording of electrical activity of neurons [39]. Similarly,
stereotactical cerebral injections of chemicals lack temporal
and spatial precision. Thus, there is a continued need for better
target-specific approaches to study and treat epilepsy.
Optogenetics is a novel target-specific approach to control
electrical activity of genetically modified neurons in bidirec-
tional way with great temporal and spatial resolution.

Optogenetics

Based on the principles of optics and genetics, optogenetics
relies on controlling neural activity via microbial-derived, op-
tically active cation or anion channel proteins called opsins.
Opsins and cell-type specific promoters are delivered to living
cell membranes by gene transfer or introducing viral vectors
to modulate distinct populations of neurons by illumination of
different wavelengths with an unparalleled level of temporal,
spatial, and neurochemical precision. Optogenetics is the only
existing technique that can activate specific population of neu-
rons embedded in heterogeneous, dense brain tissue on a mil-
lisecond timescale (Fig. 4). Using optogenetics, the firing pat-
tern of specific classes of neurons has been modulated in
in vitro [7, 40] and in vivo as well as in vertebrate [39, 41]
and invertebrate [42] models [43].

Opsins Owing to the great diversity in cellular architecture
and biosynthetic capacity, microorganisms can be commer-
cially exploited in industrial biotechnology for the production
of compounds that they make naturally. These products range
from the polymers; alginate and pigments; astaxanthin, β-car-
otene, and food products; agar and carrageenan to fuels to
platform chemicals; and a variety of therapeutics and pharma-
ceuticals. Such metabolic microbial engineering finds it roots
into the fermentation practices to make beer, wine, and bread,
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product ion of va lue-added omega-3 fa t ty ac ids
(docosahexanoic and eicosapentaenoic acids) from
Phaeodactylum tricornutum and penicillin from Penicillium
notatum fungus (reviewed in [44]).

Microbes are also a very good source of opsins used in
optogenetic techniques. Opsins are a family of photosensory
proteins or light-sensitive receptors found throughout the an-
imal kingdom, where they perform varied functions ranging
from phototaxis in algae to circadian rhythms and eyesight in
vertebrates and certain types of photosynthesis in plants. The
number of available opsins continues to grow and be opti-
mized for experimental and human applications. In epilepsy
research, the most frequently used microbial opsins are light-
driven cation channel proteins, such as channelrhodopsins and
light-gated pumps such as halorhodopsin or archaerhodopsin
(Fig. 4).

Chlamydomonas reinhardtii In optogenetics,C. reinhardtii is
considered one of the best known industrial biotechnology
hosts. C. reinhardtii is a unicellular green algae about
10 μM in diameter that swims with two flagella (biflagellate).
C. reinhardtii is found on damp soil, in stagnant water, sea-
water, freshwater, and even in snow as snow algae.
C. reinhardtii has a light-sensitive red pigment spot that al-
lows algae to swim photoautotrophically towards light.
Commercially, C. reinhardtii is of interest for producing
biopharmaceuticals and biofuel, as well as a valuable research
tool in making bio-hydrogen [45, 46], channelrhodopsin-1,
and channelrhodopsin-2 (ChR2) proteins.

Channelrhodopsin-2 (ChR2) In neuroscience, ChR2 is the
first genetically encoded, type I optogenetic tool. ChR2 is an
excitatory, light-gated, monovalent cation channel [47] that
controls the phototaxis movement of algae in response to blue
light of ~470 nm by allowing Na+ ions to enter the cell [40]

and changing the conformation of ChR2 from all-trans con-
figuration to 13-cis-retinal. ChR2 can transduce blue light
flashes of millisecond length into distinct spike waves as fast
as 50 Hz a second (Fig. 5a).

Natronomonas pharaonis N. pharaonis could also serve as
an industrial biotechnology platform in optogenetics.
N. pharaonis is an aerobic, extremely haloalkaliphilic
archaeon that is isolated from salt-saturated (3.5 M NaCl,
pH 8.5) lakes of up to pH 11. Optogenetically, N. pharaonis
is of interest for producing halorhodopsin protein (Fig. 5b).

Halorhodopsin (NpHR) NpHR is a light-sensitive inward
anion pump and a major inhibitory opsin [48] that allows the
influx of Cl− ions by using the energy of 593 nm yellow light.
NpHR is 7-transmembrane domain protein that belongs to the
retinylidene family of proteins, has a tertiary structure identi-
cal to vertebrate light-sensitive retinal pigment rhodopsin, and
homologous to bacteriorhodopsin, the light-gated proton (H+)
pump. NpHR also shares sequence similarity to ChR2 and
contains all-trans-retinal derivative of essential vitamin A that
isomerizes in response to light. NpHR is among the very few
membrane proteins that have been crystallized. Like ChR2,
NpHR does not need exogenous cofactors to function inmam-
malian cells. NpHR works either by blocking a single action
potential or by continuously knocking the spikes after being
activated by yellow light [49].

Original NpHR channel tends to get trapped in the endo-
plasmic reticulumwhen expressed inmammalian cells [50]. A
C-terminal endoplasmic reticulum export motif was added to
the original sequence of NpHR (called eNpHR2.0) in order to
resolve the sub-cellular localization issue and drive the in vivo
aggregate-free expression [50] of NpHR. Even eNpHR2.0
showed poor localization at the cell membrane. Further
addition of potassium channel (Kir2.1) membrane trafficking

Fig. 4 In optogenetics, optically active proteins (opsins) are isolated
from microbes, constructed with a promoter, inserted into a viral carrier,
and injected into the male pronucleus of a fertilized egg which is then
implanted in a pregnant female mouse. An optrode is implanted into the

brains of transgene carrying founder mice. Excitation or inhibition of
neurons, containing microbial opsin proteins, can be controlled by illu-
minating the neurons via optrode at different wavelengths. The technique
can then be used to record electrophysiological and behavioral data
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and Golgi export signals to eNpHR2.0 (called eNpHR3.0)
significantly improved its membrane localization [51], photo-
current amplitude, and safe and reliable expression in freely
moving animals [52–54].

Bacteriorhodopsin Bacteriorhodopsin is yet another ion
channel protein found in the plasma membrane of
Halobacterium halobium that undergoes a conformational
change in response to the absorption of light of a specific
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 aden-
osine 5′-triphosphate (ATP) synthesis [55].

Archeorhodopsin Like halorhodposin, archeorhodopsin is
also an effective neuronal silencer. Archeorhodopsin is a
light-driven outward proton pump.

Microbial Opsin Commodities and Neural Cells These
unique features of microbial opsins can be used in a number
of ways to treat different anomalies of human cells. For in-
stance, when ChR2was expressed in neural tissue, it exhibited
same rapid photo-activated kinetics or membrane polarization
as demonstrated in culture [56] by giving rise to non-toxic,
blue light-driven neuronal stimulation on a millisecond time-
scale to permit precise quantitative coupling between neuronal
activation and optical excitation [7, 40]. In the similar way,
NpHR can be used as a component of the natural neuronal
process to generate hyperpolarization to overcome or inhibit
the membrane potential. So far, several state-of-the-art
methods [57] have been established to inactivate or kill affect-
ed neuronal networks to treat epilepsy. However, the required
rapid reversibility, millisecond precision, and spectral compat-
ibility provided by the simultaneous use of ChR2 and NpHR
have been hard to achieve by any other method (Fig. 5).

Opsins Delivery to Brain Optogenetic techniques have been
articulated in detail to ensure the delivery of genetic constructs
to the specific regions in brain [7, 40]. They could be delivered
either via direct cerebral injection, neural transplantation, or
intravenous injection (Fig. 6).

Delivery via Stereotactic Cerebral Injection Briefly, princi-
pal neurons (such as cortex, ventrobasal thalamus, dorsal hip-
pocampus, CA1/CA3 pyramidal neurons, RTN) are
transfected with a viral vector (typically adeno-associated vi-
rus or lentivirus) carrying cell-type specific promoter (such as
CamkIIa, glutamic acid decarboxylase (GAD)6), the opsin
(such as ChR2, NpHR), optimized with membrane trafficking
signal motifs (such as endoplasmic reticulum or Golgi export
signals), and a reporter (such as YFP, GFP, mCherry, EYFP,
TR) with precise spatiotemporal targeting [58] at any stage of
life.

The promoter ensures that only principal neurons of inter-
est are subject to viral transduction [59] and reporter fluores-
cent proteins help in the detection of opsins using immuno-
chemistry. Cerebral injections are performed stereotactically
into the principal neurons of interest (Fig. 6a). Although ste-
reotactic injection can still affect unrelated neuronal popula-
tion in the injected brain areas, neurons selected by the
injected promoter should only be able to synthesize the opsins.

To perform the chronic recordings and stimulation in freely
moving animals, a device containing multiple EEG electrodes
and chronic multisite optrode (electrode + optics) or optical
fiber is implanted into the injected neurons. Detection of mag-
nitude, amplitude, width, rate, and frequency of seizure is
achieved via these multiple EEG electrodes using a custom
software. A method of detecting and interrupting seizures on-
line has also been devised by routing to a real-time processor
capable of determining seizure onset, which then triggers light
stimulation and aborts the seizure within 1 s [60]. Similarly,
for inhibition of principal neurons with NpHR, light of partic-
ular wavelength is delivered via implanted optrode upon sei-
zure activity detection, resulting in decreased epileptiform
EEG activity or silencing of epileptic neurons correlated with
abortion of behavioral seizures as well. To maximally activate
the opsin proteins, lasers of 50 to 200 mWare routinely used
in in vivo preparations, whereas 5 to 30 mW lasers perform
the job adequately in in vitro experiments. Wavelength-
specific light of less than 1 mW is sufficient to maximally
activate the characteristic opsin proteins like ChR2. In vitro
whole-cell recording is done after slice preparation. Use of a
laser to produce light with even higher intensity is considered

Fig. 5 Algal protein ChR2 fused
with fluorescent marker Texas red
(TR) allows the entry of positive-
ly charged sodium ions (Na+) into
the cell upon activation with blue
light resulting in seizure induction
(a). Archaeon NpHR protein
fused with green fluorescent pro-
tein (GFP) allows negatively
charged chloride ion (Cl−) inflow
upon activation with yellow light
resulting in seizure reduction (b)
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safe as usually light is lost at almost each connection, such as
at splitters, collimators, or connectors and also when it passes
through the neural tissue [61].

Delivery via Neural Transplantation Opsins can also be
delivered to the brain via transplanting the opsin-containing
neural progenitor cells in the corresponding brain region by
employing various neural transplantation techniques outlined
in Fig. 6 [62]. In fact, stem cell-based treatment trials are
already approved by the US Food and Drug Administration
(FDA) for amyotrophic lateral sclerosis and Parkinson’s dis-
ease. This method of delivery is particularly considered in
epileptic patients. In one approach, embryonic stem cells
(ESCs) are extracted from the healthy blastocysts derived
from a few-day-old embryos (aborted fetuses or donated em-
bryos left over from in vitro fertilization clinics), differentiated
into progenitor cells, and transplanted or grafted into the pa-
tient’s brain (Fig. 6b). In another approach, skin fibroblast
cells are extracted from patient’s body, developed into induced
pluripotent stem cells (iPSCs), reprogrammed to produce
healthy NpHR-expressing iPSCs, proliferated in large num-
bers, and differentiated into healthy progenitor cells (Fig. 6c).
The main advantage of iPSCs over ESCs is that they are less

prone to rejection by the recipient’s immune system because
the transplanted cells come from the recipient. After implan-
tation, these cells begin to form connections with the existing
cells, can survive for several years, and produce NpHR with
significant improvements in symptoms. Similar to implanted
cardiac defibrillators that would confirm the presence of a
seizure and respond within milliseconds of onset, the light of
a specific wavelength is delivered to the transplanted neuronal
cells, either via a cerebrally inserted optical fiber (optrode) or
via wireless external delivery to control epileptic seizures be-
fore it spreads.

Delivery via Systemic Injection Systemic (intravenous) in-
jection without the need for cell transplantation [63] is also a
possibility for opsin delivery in humans. For a systemic injec-
tion, a compound similar to mannitol or Trojan horse thera-
peutic system is used to assist opsins in crossing the blood–
brain barrier (BBB). The Trojan horse therapy is based on
fooling the BBB into accepting an endogenous naturally oc-
curring cell such as a macrophage carrying the opsins as self,
which then releases the housed opsins at the site of injury into
the neurons of interest.

Fig. 6 Schematic description of the principal ways opsins can be
delivered to the human brain. A direct stereotactic cerebral injection of
genetic construct is one approach to deliver the opsins (a). In embryonic
stem cells (ESCs) approach, ESCs are extracted from blastocysts grown
from few-day-old embryos, proliferated, and differentiated into neural

progenitor cells (b). In induced pluripotent stem cells (iPSCs) approach,
skin fibroblasts are extracted from patient’s body, developed into iPSCs,
reprogrammed to produce NpHR expressing healthy iPSCs, proliferated
in large numbers, differentiated into healthy neural progenitor cells (c),
and finally grafted into the patient’s brain
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Limitations of CombiningOptogenetics and Epilepsy

Thus far, application of this powerful tool has been successful
in elucidating normal and pathological mechanisms, and some
inquiry has been made into therapeutic applications in differ-
ent species including rat, mouse, fly, and zebrafish. The de-
velopment of a nonhuman primate model is one recent
achievement that may increase the understanding of how
optogenetics may be applied to humans [41, 64].

However, optogenetics is still comparatively a new tech-
nique in the sense that the work in this field has not yet been
translated into the clinics. There are certain pitfalls and chal-
lenges in relation to likely consequences of using optogenetics
for modulating the excitability of neuronal networks and re-
lated neuropathological conditions. Several unresolved ambi-
guities are looming over the field regarding its impact on
epilepsy study and treatment. Much remains to be learned,
and many technical aspects still need to be optimized before
application to humans, several of which may prove to be sub-
stantial challenges.

Among these aspects are the investigation of the safe and
effective optimization of opsin chemistry, delivery, human
immune response to these foreign proteins, and the stability
of viral vectors in neural tissue.

There are also concerns regarding the monitoring of seizure
activity via a non-stationary device that should be capable of
detecting seizure algorithms reliably.

Optimization of external light delivery with chronically
implanted devices to spatiotemporally activate the opsins is
another area of research. Thin, cylindrical optrodes with a tip
containing an optical fiber and recording electrode are remi-
niscent of deep brain stimulation electrodes [65]. Other ver-
sions use an optrode implanted in an area, with a separate
micro-LED array for recording. Before human use, these sys-
tems will need to meet the standards currently used for other
implantable devices, with modifications made for patient tol-
erance and safety.

Parameters of illumination, like the length, frequency, and
the effects of a continuous photostimulation over an intermit-
tent stimulation is not completely known. Notably, the milli-
second long illumination pulses used to activate ChR2 may
overheat and thus damage the nerve tissue [58]. A wireless
light delivery method is highly desirable because the im-
planted electrodes can damage the brain [66]. Non-invasive
optical measurement methods, however, have already been in
the pipeline, as well as in humans, for the first time, an im-
plantable device was lately experimented to monitor seizure
occurrence [9].

It is also important to quantify the effect of the light on
neuronal firing. For example, the use of too strong light inten-
sity to activate ChR2 may lead to opposite results, i.e., induc-
tion of a depolarization block and resultant cessation in firing
activity. Without optimizing the effect of light intensity on

neuronal firing, one might assume that the target cell is acti-
vated when, in reality, its firing is inhibited which may lead to
false positive results.

Similarly, when using the inhibitory opsins, it is important
to ensure that the light protocol is effective at reducing the
firing rate of the opsin-expressing cells. These firing charac-
terization studies can also lead to better quantification and
understanding of the degree of change in firing required to
produce the desired network/behavioral effect. In some cases,
a change in the firing pattern might be desired and should be
tested. For example, a change from bursting to tonic firing or
vice versa might produce a robust effect on seizures even in
the absence of a change in the mean firing rate. Therefore, fine
quantification of the spiking is required to develop the mini-
mal intervention methods to stop seizures without unwanted
effects. This might be obtained with a relatively weak light
intensity that would switch firing patterns (by mildly altering
membrane potential) without dramatically modulating neuro-
nal firing.

Conclusions

Microorganisms are again gaining momentum due to their
unique cell architecture, biology, and metabolism as a poten-
tial platform [67–72] in biotechnology industry for the
manufacturing of value-added products that may be worth
millions of dollar. The development of N. pharaonis, as an
industrial biotechnology host, would undeniably benefit the
entire archeal genus which is less developed as compared to
the rest of the microbes and pave the way to develop more
productive and cost-effective alternate microbial platforms of
biotechnological significance. Optogenetics is a relatively
new neuroscience research tool to control neural activity of
genetically modified neurons and circuits in bidirectional way
with great temporal and spatial resolution using light. Thus,
dissection and targeting of critical players in epilepsy and
other related disorders for responsive treatments could be pos-
sible. Additionally, advances in wireless light delivery and to
implant a device to monitor seizure activity in humans have
already been made. Optogenetics has now been applied to
various neuronal circuits in deducing the role of these circuits
in numerous other neurological diseases, such as dopaminer-
gic neuronal cells of the midbrain ventral tegmental area in
depression [73] and medium spiny neurons of the basal gan-
glia in Parkinson’s disease [74]. Similarly, optogenetics could
also be used in finding the role of dopamine D1-expressing
neurons of the prefrontal cortex in examining a circuit under-
lying temporal control of behavior [75] as well as in post-
stroke epileptic seizures, investigating the role of ventral sur-
face astrocytes in breathing control [76] and stimulation of the
heart muscle [77]. Last but not least, this review will pave the
way for exploiting opsins more efficiently both to explore the
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pathophysiology of epilepsy and industrial biotechnology
hosts in metabolic engineering to treat epilepsy.
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