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Multi-photon microscopy in neur oscience
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The study of the nervous system requires to an exceptional extent observation of and experimentation on
intact tissue. There, in particular, high-resolution optical microscopy benefits from the inherent advantages
of multi-photon fluorescence excitation. Several cases will be presented from a number of different tissues
and organisms, where multi-photon excited laser scanning fluorescence microscopy has been an essential
experimental tool. Those examples include the discovery of biochemical coincidence detection in synaptic
spines and the clarification of the underlying mechanism; the observation of sensory evoked dendritic
signaling in intact animals and the observation of light induced calcium signalsin the intact retina.
Recently a fiber coupled two-photon microscopy has been devel oped that allows the imaging in moving
animals.

Optical microscopy is virtually the only technique capable to create high-resolution images on of living
specimens. The most widely used class of optical microscopes makes use of fluorescent molecules, which
can provide avery high signal to background ratio, molecular specificity, and, due to spectral sensitivity to
the molecular environment the ability to measure chemical parameters with exquisite spatial resolution. In
intact tissue optical sectioning and efficient use of excited fluorescence are essential. Conventional
techniques don't permit the simultaneous fulfillment of these requirements, especially in the presence of
scattering by the specimen. Wide-field microscopy using cooled CCDs or intensified video cameras
efficiently detects fluorescence but lacks optical sectioning. Resolution and contrast in the wide-field image
degrade quickly as scattering is introduced. Optical sectioning is provided by the confocal microscope but
there fluorescence collection efficiency is poor even in clear specimens and becomes abysmal in scattering
specimens. Multi-photon excitation microscopy (MPM) allows the combination of optical sectioning and
collection efficiency even in the presence of severe scattering (Denk 1996; Denk and Svoboda 1997). A
particularly convincing test of this ability is high-resolution functional imaging inside the intact brain of
living rats (Svoboda, Denk et a. 1997; Helmchen, Svoboda et a. 1998; Svoboda, Helmchen et al. 1999).
The questions addressed in those experiments concerned the antidromic propagation of action potentials
into the dendritic tree of different types of principa cellsin cortex. Recently it has been demonstrated that
it should be possible to extend such studies to the alert brain with the help of afiber coupled two-photon
microscope that is miniaturized sufficiently to be mounted onto the head of a freely moving rodent
(Helmchen, Fee et al. 2001).

If repeated measurements have to be preformed on small structures the reduction of photodamage and
photobleaching that results from the efficient collection of fluorescent photons can be essential. This has
been exploited in multi-photon microscopy studies of dendritic spines, which are in some sense the
‘transistors of the brain. Spines serve as chemical compartments (Svoboda, Tank et a. 1996) that allow
each neuron to have tens of thousands of independent biochemical coincidence detectors. Coincidence
detection in spines was first demonstrated convincingly using the multi-photon microscope (Y uste and
Denk 1995). MPM studies were subsequently used to examine molecular mechanisms responsible for
coincidence detection in hippocampal (Y uste, Majewska et al. 1999) and neocortical cells (Koester and
Sakmann 1998). Recently a calcium based coincidence detection using an entirely different molecular
mechanism was found in cerebellar Purkinje cells (Wang, Denk et a. 2000). Fluctuation analysis has been
used to determine the number of ion channelsin single spines (Sabatini and Svoboda 2000).

Another very fruitful areafor the application of multi-photon microscopy is the reting, the highly light
senditive tissue in the back of the eye converting photons into the electrochemical signals used by the brain
to convey and represent information. In the retina fluorescence microscopy, in particular, isinherently
hampered by the rather high illumination intensities, which are needed for the sufficient excitation of
fluorescence. Such high light fluxes quickly blind the retina by bleaching out the photo pigments that are
needed for light detection. It has, therefore, been impossible to use fluorescence based indicators of
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biochemical signaling to detect biochemical signals arising in response to visual stimulation. The multi-
photon microscope remedies the situation because the infrared light used for 2-photon excitation of
xanthene-based biochemical indicators does not directly stimulate or bleach the photo-pigments. Out-of-
focus two-photon excitation of visual pigment can be neglected in most of the signal processing cell
layers, which are distinct and sufficiently far from the photoreceptor layer (Denk and Detwiler 1999).
Recently this technique was used to elucidate the neural computation necessary for the detection of image
motion by the retina (Euler, Detwiler et al. 2002).
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