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Optogenetics:  ‘Optogenetics’ is a word usually applied to optical methods for probing and 
controlling specific neurons within intact neural circuits. Molecular devices can be introduced 
into tissues or whole organisms by genetic manipulation and these can be expressed in defined 
groups of cells.  Light-driven activation can then control electrochemical signals, and light-
emitting sensors can report on these signals.  Such approaches can give rapid (ms) optical 
control of specific cells with high precision. These methods are giving considerable insight into 
the organization of neural circuits and the causal relationships between cellular activity 
patterns and behavior.  This paper focuses on strategies for cell-specific photostimulation using 
the membrane protein ‘channelrhodopsin-2 (ChR2)’. When combined with behavioral analysis, 
ChR2 photostimulation allows hypotheses about how action potentials in specific neurons 
contribute to behavior to be tested.  
 
Question: Describe how spatially selective photostimulation of a neuronal population can be 
achieved and some of the technical difficulties encountered.  
 

Answer: Channelrhodopsin-2 (ChR2) allows direct activation, with blue light, of genetically 
manipulated subpopulations of neurons on the millisecond timescale. For both imaging and 
photostimulation of individual cells, two-photon excitation (see book Fig. 7.1.16) is required to 
achieve the necessary spatial resolution in brain tissue because of strong light scattering. Two-
photon excitation produces a sub-femtoliter excitation volume. A focused laser excites only a 
tiny (~1 μm2) patch of neuronal membrane, containing a few dozen ChR2 molecules. As the 
ChR2 conductance is very small the resulting membrane depolarization is not sufficient to drive 
action potentials. Increasing The ChR2 expression levels is generally not an option because the 
expression is usually already high compared to expression of all other membrane proteins, and 
further overexpression can produce cell degeneration. Several approaches have been proposed 
to overcome this problem. In one method the laser focus is scanned rapidly over the cell of 
interest (serial excitation) to stimulate more channels distributed across the cell membrane. In 
another, the applied light is ‘sculpted’ to excite multiple cells simultaneously (parallel 
excitation). In yet another approach, temporal focusing can be combined with scanning to move 
the excitation volume from cell to cell (this is explained further in Box 1 in this paper). Serial 
excitation is forgiving in terms of the average power delivered to the brain, but requires high 
peak intensities of light. Parallel excitation demands high average powers but modest peak 
intensities. Higher peak intensities make photodamage more likely, whereas higher average 
powers imply more global heating. 
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