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Amazing abilities of our brain, such as sensation, cognition, learning, memory, and 
even consciousness are thought to be realized through complex interactions of streams 
of millisecond-order electrical spikes (known as action potentials) generated by 
billions of neurons.  How can one investigate such a complicated organ?  As action 
potentials are electric signals mediated by flows of ions across cellular membranes, 
activity of neurons can be measured by inserting microelectrodes into the brain in 
vivo.  One major advance in last century’s neuroscience was the emergence of 
sophisticated electronic technologies to measure occurrences of action potentials in 
response to sensory or neural circuit stimulation.  This classical method led to many 
landmark discoveries such as identification of different functional brain areas and 
receptive field of sensory neurons.  Today, use of silicon fabricated multi-site 
electrode arrays allows simultaneous monitoring of action potential activities from 
over one hundred individual neurons.  Information obtained through these 
recordings is paving the way to ongoing attempts to help recreate meaningful brain 
activity to regain control of motor activity in physically disabled patients using 
brain-machine interface-based prosthesis. 

Notwithstanding these advances, electrophysiological measurements of neural 
activity are critically limited by a few notable factors.  First, the inherently invasive 
nature of the method imposes a physical limit on the number of electrodes one can 
insert in the brain.  Second, it is difficult to target the microelectrode only to a 
pre-determined precise location and/or a specific type of neurons.  Finally, 
electrophysiological methods have no access to intra- and intercellular signaling 
cascades, protein dynamics and gene transcription networks of neurons.  These 
biochemical networks operate at minute to hour time scales, and are critical to 
long-term changes in neuronal circuit properties such as memory formation.  

Recent advent of revolutionary quantitative biological microscopy technologies, such 
as two-photon excitation microscopy, in combination with new chemical and 
genetically encoded fluorescent probes opens avenues to break these limitations.  The 
non-linear optical principle of two-photon microscopy enables the use of longer 
infrared wavelength to excite fluorescent molecules, resulting in a significantly 
improved tissue penetration depth to investigate cerebral cortical neurons in vivo.  

Highly quantitative chemical fluorescent probes such as calcium-sensitive or 



voltage-sensitive dyes are available to monitor millisecond time scale neural activities 
without use of invasive electrodes.  Many useful fluorescent indicator proteins that 
reflect changes of membrane potential, ionic concentrations, protein conformational 
changes, protein-protein interactions, protein lifetimes, or gene expression have been 
developed and constantly improved.  These proteins can be targeted to a subarea of 
the brain or to a specific subset of neurons by viral or transgenic technologies.   

Light can also be used to control neural activity.  Caged (that is, chemically inert) 
excitatory or inhibitory neurotransmitters are ‘uncaged (and thus made active)’ upon 
illumination of a defined wavelength laser beam, thereby providing rigorous 
spatio-temporal control of neural activity.  Even further, light sensitive ion channels 
or transporters have recently been cloned and modified so that the activity of the 
neurons expressing these proteins is under precise optical control.   
  Electrophysiological methods still remain powerful and practical as they have some 
advantages, such as superior time resolution and ease of chronic recordings.  The 
challenge of a growing generation of neuroscientists and medical/biological engineers 
is therefore to integrate conventional electrophysiological approaches with smart use 
of optics and photo-manipulatable probes, to dissect and possibly recreate neural 
circuit dynamics. The combination of the new and conventional methods shall 
generate a synergistic effect to further push the frontiers of our understanding on how 
our brain works.   
 
 


