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List of frequently used abbreviations 

 
2PLSM two-photon laser scanning microscopy 

3PLSM three-photon laser scanning microscopy 

CNS  central nervous system 

NHP  non-human primate 

IRES  Internal ribosome entry site 

SSR  Site-specific recombinase 

FM  fluorescence microscopy 

WFFM  Wide field fluorescence microscopy 

CCD  charge couple device 

EMCCD electron multiplying charge coupled device 

LSCM  Laser scanning fluorescence microscopy 

PMT  photomultiplier tube 

2PA  two-photon absorption 

1PA  one-photon absorption 

2PE  two-photon excitation 

NA  numerical aperture 

NIR  near-infrared 

AOD  acousto-optic deflector 

SBR  signal-to-background ratio 

PSF  point-spread function 

STED  stimulated-emission-depletion  

AP  Action potential 

FRET  Förster resonance energy transfer 

SNR  signal-to-noise ratio 

VSD  voltage sensitive dye 

GFP  green fluorescent protein 

GEVI  genetically encoded voltage indicator 

GECI  genetically encoded calcium indicator 

CaM  Calmodulin 

TnC  Troponin C 

GRIN  gradient index lens 

ER  endoplasmic reticulum 

LiGluR  light-activated ionotropic glutamate receptor 

GPCR  G-protein coupled receptor 

ChR2  Channelrhodopsin 2 from Chlamydomonas reinhardtii 

NpHR  Halorhodopsin from Natronomonas pharaonis  
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1 Introduction 

The origins of modern neuroscience are closely linked to a method capable of visualizing populations 

of cells in their native morphology. It was the staining method developed by Camillo Golgi that presented 

Santiago Ramón y Cajal with the key to discoveries ultimately resulting in the neuron doctrine. The 

following century was dominated by electrophysiology, extensively describing the electrical properties of 

single excitable cells.  

Today, 100 years after the neuron doctrine, novel optical methods capable of visualizing and control 

over neural activity of hundreds of cells have emerged. In combination with transgenic animal models, 

these methods are now capable of large-scale neural activity imaging and control in vivo, possibly 

presenting us with a similarly powerful tool capable of similarly redefining impact.  

The main motivation of this text is to review the tools and techniques capable of visualization and 

control over neural activity. These include transgenic model organisms, various methods of fluorescence 

microscopy (most notably the two-photon laser-scanning microscope), synthetic and protein-based 

optophysiological probes and optogenetics.  

2 Animal models 

In vivo experiments on animal models are an indispensable tool for understanding the function of 

neural tissue. The following table provides a list of model organisms along with their general 

characteristics. 

Table.1, A list of the most commonly used animal models in neuroscience along with their general characteristics 
(Riddle et al., 1997; Lambert, 2007; Wheeler and Brandli, 2009; IOM and NRC, 2012; Stewart et al., 2014)  
 Generati

on time 
Litter size Relation to 

human 
Cost of care General pros General cons 

Caenor-
habditis 
elegans 

4 days 
 
 

300/4 days Nematode, 
weakest relation 

Minimal; 
freezable stocks 

Constant number 
and fate of cells, 
transparent, 

Absence of site 
directed 
mutagenesis, 
simple nervous 
system  

Drosophila 
melano-
gaster 

10 days 500 eggs/30 
days 
lifespan 

Insect, poor 
relation 

minimal Good genetic 
tools available, 
cheap 

Discoveries may 
require revisiting 
if they are to be 
applied to 
humans 

Dario rerio 2-4 
months  

100-200 
eggs/week 

Vertebrate, 
worse than mice 

0,67$/month/fish Transparent, easy 
to keep 

Poor reverse 
genetics 

Mus 
musculus 
/Rattus 
norvegicus 

6-8 
weeks 

5-10 (6-12) 
pups/litter 
5-10 
times/year 

Close - 
mammals, 
worse than 
macaque 

High compared to 
other models 
(aprox.1 $/day) 

Transgenic 
animals, nervous 
system close to 
humans 
 

Anatomical 
difference in 
selected CNS 
structures. Poor 
access to embryo 

Macaca 
mulatta 

12 years 1 /year An old world 
monkey, 
therefore the 
closest 

Very high. 30 000 
$ for acquisition 
and 80 - 110$/day 
for keeping 

The closest 
nervous system 
organization and 
function. 

Very expensive 
to purchase and 
keep. Ethical 
restrictions  
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high resolution, which enables imaging of very small structures such as recombining DNA (Griffith et al., 

1999). The achievable resolution is demonstrated by an example, where spacing of less than 50 pm has 

been resolved using transmission electron microscopy (Erni et al., 2009) 

In terms of neurological significance, electron microscopy has been used to map the connectome of 

C.elegans (White et al., 1986), and is being used to map other model organisms as well. However, the 

amount of data generated by such mapping makes it currently impossible to apply this method to higher 

organisms. Therefore, while its benefit in the field of neurophysiology is significant, it is also limited. 

4.5.2 Recent superresolution methods 

The diffraction limit can also be broken by more recent methods. These, among else, include the 

following: 

Total internal reflection fluorescence (TIRF), a near-field method used for imaging cell surfaces 

with high axial resolution where excitation light reaches only 100-200 nm into the sample (Schermelleh et 

al., 2010). 

Structured illumination microscopy (SIM), a wide-field method where illumination of the sample 

by stripe-shaped sinusoidal patterns interferes with the emission of studied structures, thus surpassing the 

diffraction limited resolution by a factor of two (Gustafsson, 2000; Schermelleh et al., 2010). 

Stochastic optical reconstruction microscopy (STORM) and photo-activated localization 

microscopy (PALM) are two closely related wide-field methods, which break the diffraction limit by using 

the fact that a single fluorophore molecule can be localized with nanometer resolution if not surrounded 

closely by other emitters (Betzig et al., 2006; Rust et al., 2006). Switchable cyanine dyes in STORM, or 

genetically encoded switchable fluorophores in PALM present in the sample can be reversibly controlled by 

the applied laser wavelength. Only a fraction of the fluorophores emits fluorescence during a light cycle 

and therefore single points can be resolved with better resolution (up to 20 nm) (Rust et al., 2006).  

Stimulated-Emission-Depletion fluorescence microscopy (STED) possesses an excitation light 

pathway virtually identical to a regular confocal microscope. In addition, a second laser divided into two 

beams acts as a quencher by inducing de-excitation around the focal spot. Therefore, it effectively reduces 

the diameter of the point where excitation leads to the emission of fluorescence (Hell and Wichmann, 

1994). Today, instead of two laser beams, the quenching laser has a shape of a doughnut (Chereau et al., 

2015). The de-excitation of the fluorophore is realized through stimulated emission of a longer wavelength 

photon by the STED laser. Because of the wavelength difference between the standard fluorescence 

emission and the stimulated emission, it is possible to filter out the latter (Chereau et al., 2015). The 

resolution obtained by STED imaging is 4.5x higher than of regular confocal microscopy (Hell and 

Wichmann, 1994). For illustration, a fluorophore excitable by 400 nm can be imaged by a NA=1.4 objective 

at a resolution of 35 nm (Hell and Wichmann, 1994). 
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