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Optogenetics

• ¨A method by which all neurons of just one type could be inactivated, leaving the 
others more or less unaltered ¨

• Francis Crick 1979

• Refers to the integration of optics and genetics to achieve gain- or los-of-function 
of well-defined events within specific cells of living tissue

• Allows optical control of a particular type of neuron  - can express light activated 
ion channels (or receptors) under a specified promoter.

• Fast excitation: Channelrhodopsin2

• Fast inhibition: Holorhodopsin

• Bi-stable modulation: step opsins

• Control of intracellular signalling: OptoXRs
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Clinical application –NOT really BUT

• “Despite the enormous efforts of clinicians and researchers, our limited insight into 
psychiatric disease (the worldwide-leading cause of years of life lost to death or 
disability) hinders the search for cures and contributes to stigmatization. Clearly, 
we need new answers in psychiatry.”

• Karl Deisseroth



Connectome

• cellular complexity is multiplied by the number of cortical areas – subcortically-
projecting layer 5 neurons in motor cortex are molecularly distinct from those in 
visual cortex, for example.

And we haven’t even started on the interneurons. These are smaller, more locally 
projecting cells, which are inhibitory – they put the brakes on excitation in neural 
circuits

http://www.scholarpedia.org/article/Interneurons#Diversity_and_classification_of_cortical_inhibitory_interneurons
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Graphical illustration of 'optogenetics' emerging in the scientific literature



Targeted excitation



Optogenetic tool families

Channelrhodopsins conduct cations and depolarize neurons upon illumination 
Halorhodopsins conduct chloride ions into the cytoplasm upon yellow light illumination 
(center).

OptoXRs are rhodopsin-GPCR (G protein–coupled receptor) chimeras that respond to 
green (500 nm) light with activation of the biological functions dictated by the 
intracellular loops used in the hybrid



Optogenetics requires

• Engineered control tools that can be targeted to specific cells

• Technology for light delivery

• Methods for integrating optical control with compatible readouts (such as 
fluorescent organic or genetically encoded activity indicators, electrical recording, 
fMRI signals, or quantitative behavioural design).

• high-temporal and cellular precision within intact mammalian neural tissue



Advantages 

• Precisely control one cell type while leaving the others unaltered (Genetically 
targeted to a specific group of neurons)

• Select activation of neuronal pathways (as opposed to electrical stimulation which 
activates many neuronal pathways)

• Fast temporal resolution: Millisecond scale precision to keep pace with the known 
dynamics of the targeted neural events such as action potentials and synaptic 
currents

• Can be operative within intact systems including freely moving animals. Can 
directly correlate neural activity in vitro with behaviour



Preparation of the optical fiber for in vivo neural control in mammals

• Diagram of the optical neural interface (ONI), consisting of a stereotactically
implanted cannula, an optical fiber, and a solid state laser controlled by a signal 
generator. The fiber is prepared with the appropriate length to illuminate the target 
brain region



Preparation of the optical fiber for in vivo neural control in mammals

• Stereotactically implanted 
cannula guide not only to 
deliver virus but also to direct 
an optical fiber to the same 
brain area of interest (In this 
approach, the use of a single 
cannula guide for both viral 
vector delivery and optical fiber
targeting ensures the co-
registration of transduced brain 
area and light illumination.

• The cannula guide is chronically 
implanted onto the skull of 
each experimental subject. A 
dummy cannula (stylet and 
screw cap) is temporarily 
inserted into the cannula guide 
between experiments to 
prevent clogging and infection. 





How do you express opsins in neurons?

• Viral Vectors – a common tool to deliver genetic material to cells

• Important features:

• Safety – modified to be replication deficient

• Low toxicity – won’t kill the cell after infection

• Stable – won’t rearrange its genome

• Cell type specificity – a specific promoter is used to infect a selective group of cells

• Identification – contain some sort of marker to indicate which cells have been 
infected (GFP

Lentivirus construct:
Adenovirus construct:

Good infection rate, expression persist for
years (encorporates into genome)
Long transfection time ( 2 weeks)
Larger packaging capacity (< 10 kb total

length, promoter up to 5 kb
Biosafety requirements (PPE, BSL2+ lab)

adenoviral DNA does not integrate into 
the genome and is not replicated during 
cell division
Lower infection rate, shorter expression 
time (few weeks)
Lower packaging capacity (up to 5 kb total 
length)
Biosafe



Lentivirus Opsin construct

Example:

Promoter = hypocretin promoter (3.086 kb)  

Fluorophore =  mCherry (red)

Opsin = ChR2 

Rapid on/off, precise activation of neurons on the millisecond timescale 



Fast excitation: Channelrhodopsin2

• Light activated ion 
channel isolated 
from green algae 
Chlamydomonas
reinhardtii

• unspecific cation
channels, conducting 
H+, Na+, K+, and 
Ca2+ ions. 

• Blue light opens 
ChR2 (absorbs 480 
nm)

• Neuron depolarizes

Retinal covalently attaches to the lysine residue of the helix 7 by forming a 
protonated retinal Shiff base 



Selective expression of ChR2 in hypocretin neurons 

• http://www.nature.com/nature/journal/v450/n7168/extref/nature06310-s2.mov

http://www.nature.com/nature/journal/v450/n7168/extref/nature06310-s2.mov


Bistable opsins/Step Function Opsins

• Mutate ChR to significantly prolong photocycle.

• Conductance of wildtype ChR2 deactivates ~10 ms upon light sessation.

• Mutations to ChR change the time constants of deactivation from 2, 42 to ~100 s 
(can stay on for long periods of time)

• SFOs can be switched on and off with blue and green light pulses, respectively

• effectively responsive to light at orders of magnitude lower intensity than wild-type 
channelrhodopsins

Useful for many long–time scale, 
neuromodulatory, developmental

chemical cofactor independence in 
mammalian brains. (ie not activating 
GPCRs – can maintain selectivity



Halorhodopsin

• Channelrhodopsin2       Halorhodopsin
Halorhodopsin uses 
green/yellow light to 
move chloride ions into 
the cell, overcoming the 
membrane potential. 

Yellow light opens 
chloride conductance to 
hyperpolarize the cell

Halorhodopsin can be 
used alone to silence 
neurons or in 
conjunction with 
Channelrhodopsin2 to 
activate, silence and 
desynchronize neural 
tissue Useful in 
mapping functional 
circuits



Halorhodopsin silences neurons



Light stimulation, intracellular signalling and regulation of function in neural networks



OptoXR- optogenetic control of intracellular signalling



Optical activation of α1ARs in the Nucleus Accumbens

• Optical activation of α1ARs in the Nucleus Accumbens can induce rewarding 
behavior



Summary

• Optogenetics is a way to selectively control a specific cell-type or neuronal circuit

• Channelrhodopsin (ChR2) opens a cation conductance with blue light. Depolarizes 
the Cell

• Step function opsins open a delayed cation conductance with blue light and is 
turned off with yellow light

• Halorhodopsin opens a Cl- pump, hyperpolarizes the cell

• OptoXRs activate GPCRs with light to control intracellular signalling. 



Recent literature 

• Inhibition of inhibition in visual cortex: the logic of connections between molecularly 
distinct interneurons

• Distinct behavioural and network correlates of two interneuron types in prefrontal cortex

• Gain control by layer six in cortical circuits of vision

• Distinct extended amygdala circuits for divergent motivational states

• Rapid regulation of depression-related behaviours by control of midbrain dopamine 
neurons

• Input-specific control of reward and aversion in the ventral tegmental area

• Functional identification of an aggression locus in the mouse hypothalamus

• Deconstruction of a neural circuit for hunger

• Creating a false memory in the hippocampus

http://www.ncbi.nlm.nih.gov/pubmed/23817549
http://www.ncbi.nlm.nih.gov/pubmed/23708967
http://www.ncbi.nlm.nih.gov/pubmed/22367547
http://www.ncbi.nlm.nih.gov/pubmed/23515155
http://www.ncbi.nlm.nih.gov/pubmed/23235832
http://www.ncbi.nlm.nih.gov/pubmed/23064228
http://www.ncbi.nlm.nih.gov/pubmed/21307935
http://www.ncbi.nlm.nih.gov/pubmed/22801496
http://www.ncbi.nlm.nih.gov/pubmed/23888038


Biosensors



Outline

1) Introduction to Biosensors

2)   Bioreceptors 

3)   Immobilization of Bioreceptors

4)  Transduction methods and example devices



Recognition Transduction

Signal Processing

A biosensor is an analytical device which is used to determine 

the presence and concentration of a specific substance in a 

biological analyte

Biosensor

DisplayBioreceptor Transducer Signal 

Processing

Desired molecule

Introduction to Biosensors

Biosample



Introduction to Biosensors

Bioreceptor Transducer

Antibody

Enzyme

Nucleic Acid (DNA)

Cell

MIP

Optical

Electrochemical

Mass based

Temperature based

potentiometric
amperometric
conductimetric

Electric & 

Magnetic

Dielectric properties

Permeability properties

Voltage or Current

Fluorescence
Interference

Absorption



Antibody     Antibodies are biological molecules that exhibit 

very specific binding capabilities for specific 

structure (antigens). 

Antigen It can be recognized by antibody.

Bioreceptors

membrane



Bioreceptors

Display

Bioreceptor



Enzyme is a large protein molecule that acts as a catalyst in chemical reactions. 

Enzymes are often chosen as bioreceptors based on their specific binding 

capabilities as well as their catalytic activity

Bioreceptors

 Enzyme



Bioreceptors

Bioreceptor

Display



Four chemical bases:

• adenine(A), guanine (G),                                                     

• cytosine (C), and thymine (T)

Bioreceptors

DNA structure 
Another biorecognition mechanism involves 

hybridization of deoxyribonucleic acid (DNA) 

or ribonucleic acid (RNA), which are the 

building blocks of genetics.



Nucleic acid hybridization 

ssDNA (Probe)

(Target Sequence)

(Hybridization) (Stable dsDNA)

Principles of DNA biosensors

Bioreceptors



Bioreceptors

Bioreceptor

Display



Nourishment

Product

Bioreceptors

 Living Cell



Bioreceptors

Bioreceptor

Display



Bioreceptors

 MIP (Molecular Imprinted Polymer) 



MIP as a bioreceptor

Bioreceptors



Bioreceptors

Bioreceptor

Display



The immobilization is done either by physical entrapment or chemical attachment. 

Immobilizatiom

Bioreceptor (Antibody, Enzyme, Cell, …)  +  polymer solution  →  polymerization

Physical Entrapment

adsorptive interactions such as ionic, polar or hydrogen bonding and hydrophobic 

interaction.

Adsorption



Immobilizatiom

Cross-linking
bridging between functional groups on the outer  membrane of the receptor by 

multifunctional reagents to transducer. The cells can be bounded directly onto the 

electrode surface or on a removable support membrane, which can be placed on the 

transducer surface

Covalent bounding

formation of a stable covalent bond between functional groups of the bioreceptor 

components and the transducer



conductimetric



I1/I0 = e−αlc

l is the pass length

C is the concentration of absorbing material

α is the absorption coefficient 

Transducers- Optical methods

Concept: Capture analyte and detect binding by optical tag or binding-sensitive 
optical phenomenon

Absorption  

http://upload.wikimedia.org/wikipedia/commons/0/04/Beer_lambert.png


A device to determine a patient’s blood oxygen content: “the oximeter”
The absorption spectra (α) of haemoglobin (Hb) and oxyhaemoglobin (HbO2) differ, 
which makes it possible to measure the ratio of both concentrations in blood by 
measuring the absorption of light of two different wavelengths, e.g. 660 nm and 805 nm. 

Transducers- Optical methods- Absorption  



Transducers-Optical methods- Florescence 

Fluorescence is a molecular absorption of light 
at one wavelength and its instantaneous 
emission of at longer wavelengths. Some 
molecules fluoresce naturally and others such 
as DNA can be modified for fluorescence 
detection by attachment of special fluorescent 
dyes

An optical system for 
Florescence measurement



Transducers-Optical methods- Florescence 

A device for florescence measurement

Excitation light Florescence                         

detector

Planer 

waveguide

Grating 

Antigens modified 

by florophor dye

Evanescent-field.



Transducers-Optical methods- Florescence 

Taq-Man probe in its 

preliminary condition for 

real time PCR devive

Hybridisation of primer and Taq-Man 

probe at annealing temperature

Releasing fluorophore dye 

during extension

c55T
 c72T





Real time Chamber PCR device with integrated 

fluorescence detection

Photodiode implanted at the 

bottom of the chamber and 

CdS film covers the 

photodiode

Optical fibre used to 

introduce excitation energy

Temperature sensor 

and heaters

Si

Si

Pyrex

Pyrex

Photodiode pattern to 

reduce direct illumination

Transducers-Optical methods- Florescence 



Mach-Zehnder interferometer

Transducers-Optical methods-refractive index



Transducers-Optical methods-refractive index

The reflected wavelength (λB), called the Bragg 

wavelength, is defined by

http://upload.wikimedia.org/wikipedia/en/d/d1/Fiber_Bragg_Grating-en.svg


Optical waveguide based biosensor
Transducers-Optical methods-refractive index



Transducers-Electrochemical methods

The underlying principle for this class of biosensors is that many chemical reactions produce
or consume ions or electrons which in turn cause some change in the electrical
properties of the solution which can be sensed out and used as measuring parameter



Transducers-Electrochemical methods-amperometric

amperometric glucose biosensors



amperometric glucose biosensors

Transducers-Electrochemical methods-amperometric



Transducers-Electrochemical methods-potentiometric

Schematic diagram of an integrated enzyme-based flow-through glucose sensor.



Transducers-Electrochemical methods-potentiometric



Immunosensing at micro-sized Au electrodes based on the change of conductivity 
between the Au strips upon binding of Au nanoparticles

Transducers-Electric methods

Concept: Capture analyte and detect changes in electrical parameters of sample



Capacitive sensor by
MIP dielectric

Variation of

Transducers-Electric methods



F= 20KHz, AC amplitude of 40 mV peak to 
peak

Transducers-Electric methods



The principle is to change in the frequency of vibrating element. when the mass
increases due to binding of chemicals, the oscillation frequency of the device changes
and the resulting change can be measured electrically and be used to determine the
a d d i t i o n a l m a s s .

Transducers-Mass based methods



Detection by cantilevers

Transducers-Mass based methods



Change  in the resonance frequency: AcV1 antibody 

(green) and baculovirus particles (red).

Transducers-Mass based methods

Detection by cantilevers



(b) Decrease in resonant frequency as the 

density inside the embedded channel 

increases. 

(c) Frequency modulation by single particle 

movment

(a) A mechanical cantilever resonator     

containing an embedded microfluidic channel. 

Transducers-Mass based methods

Detection by cantilevers



Transducers-Mass based methods

Microcantilever technology: a) with immobilised 
protein for a specific bacterium b) bending after 
adsorption of bacteria to the protein 

Detection by cantilevers



Transducers-Mass based methods



This type of biosensor is exploiting one of the fundamental properties of biological
reactions, namely absorption or production of heat, which in turn changes the
temperature of the medium in which the reaction takes place. They are constructed by
combining immobilized enzyme molecules with temperature sensors. When the analyte
comes in contact with the enzyme, the heat reaction of the enzyme is measured and is
calibrated against the analyte concentration. The total heat produced or absorbed is
proportional to the molar enthalpy and the total number of molecules in the reaction

Transducers-Temperature methods



A three-dimensional schematic representation of the proposed microcalorimeter 
with integrated microfluidic channels.

Transducers-Temperature methods


