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    Chapter 18   
 Advanced 3D Optical Microscopy 
in ENS Research                     

     Pieter         Vanden Berghe   

          Introduction 

  Microscopic techniques   are among the few approaches that have survived the test of 
time. Being invented half way the seventeenth century by Antonie van Leeuwenhoek 
and Robert Hooke, these techniques are still essential in modern  biomedical labs. One 
of the most important aspects in microscopy is the search to improve resolution as 
well as the contrast between the item of interest and the background. Different contrast 
techniques have been invented (phase contrast, differential interference contrast, 
Hoffmann modulation,…) to make sure that (sub)cellular structures could be identi-
fi ed using light. These techniques have been essential in  ENS research   since all sharp 
electrode recordings were made on setups with this type of microscopy approach 
(Hirst and McKirdy  1975 ; Wood  1989 ). Apart from its use in  electrical recordings  , 
microscopy has been instrumental in the identifi cation of subpopulations of cells in 
the ENS, using a variety of staining methods: silver impregnation, neurobiotin injec-
tions and antibody labeling. 

 A signifi cant step forward in the use of microscopy was the introduction of 
 fl uorescence approaches  . Due to the fact that the intense excitation light is now 
fi ltered away from the longer wavelength emission light, the contrast can be 
improved drastically. The development of different color  fl uorescent probes   attached 
to selective antibodies has made it possible to identify subpopulations  of   enteric 
neurons in a variety of species (Costa et al.  1996 ; Furness  2000 ). 

 Another important impetus to the use of microscopy was the discovery and isola-
tion of the green fl uorescent protein ( GFP)         from the jellyfi sh Aequorea Victoria 
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(Prasher  1995 ). In the last two decades different variants of this and other coral 
based fl uorescent molecules have complemented the toolkit of the biomedical 
researcher. By analogy with the classic  chemical ion sensors   (Fura2, Fluo4 et al.), 
fl uorescent proteins have been mutated and fused to become functional sensors to 
report pH (e.g. synaptopHluorin) or cytosolic Ca 2+  concentrations (e.g. GCaMP). 
This approach has the  advantage   that, rather than having all cell layers contribute to 
the signal, only specifi c enteric glia or neurons will express the reporter, which 
expands the accuracy with which activity can be measured in a single cell (Boesmans 
et al.  2013 ; for review see Boesmans et al.  2015 ). 

 Apart from these  biological developments  , also optical, electronic and computa-
tional methodology has improved signifi cantly, which permits to achieve higher 
resolution, more sensitive and faster recordings. In this paper a number of current 
developments in microscopy are highlighted in the context of ongoing enteric 
 nervous system research.  

    3-Dimensional Imaging  and Volume Reconstructions   

 Confocal imaging is an established technique that can be used to optically section 
fl uorescently labeled samples. It can be used to create high quality  two dimensional 
(2D) images      because out of focus light is effi ciently removed. Apart from generating 
higher quality 2D images, the three dimensional (3D) image stacks can also be used 
to accurately determine cellular shape and perform volume rendering. This however 
requires computation intense deconvolution algorithms, which has been facilitated 
by improved software developments and ever increasing computing power. 

 In combination with genetic expression of markers we were able to determine 
the 3D shape of different groups of glial cells in the enteric nervous system of the 
mouse (Boesmans et al.  2014 ). Especially the structure of the type II glial cell is 
intriguing as it suggests that glial processes from one single cell are in close contact 
with most of  the   neuronal fi bers that connect two ganglia in the myenteric plexus. 
Apart from its use in mouse tissue, the computational and reconstruction approach 
can also be applied to samples labeled with antibodies. One promising example of 
this quantifi cation method applies to submucous ganglia in biopsies from the human 
intestine, as these have been shown to contain a small amount of neurons. On the 
one hand these neurons can be used to investigate marker expression with immuno-
histochemistry (Lebouvier et al.  2010 ) but also to record from while tissues are still 
alive (Cirillo et al.  2013 ). Volume reconstructions (Fig.  18.1 ) to determine abnor-
malities in neuronal processes or glial cell shapes may be useful to understand their 
association with diseases (Cirillo et al.  2015 ).

   Apart from fi xed tissues, also live tissues can be visualized using confocal 
 technology. With one such approach, spinning disk confocal microscopy it is 
 possible to record image stacks (~10 slices volume per second), which generates a 
3D cube of information at a temporal resolution (1 Hz) comparable to what is available 
in 2D CCD camera based systems. The speed at which the recordings can be made 
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 obviously depends on the hardware of the recording system. However this is often 
not the limiting factor, as recording speed may well be determined more importantly 
by the signal to noise (S/N) ratios that can be obtained. Using genetically encoded 
Ca 2+  sensors like GCaMP (Zariwala et al.  2012 ; Boesmans et al.  2013 ) high signal 
to noise ratios can be obtained much more easily than with bulk dye loading 
 techniques (e.g. Fluo4).  

     Fast Imaging   

 Virtually all knowledge about action potential generation and propagation is based 
on micro-electrode and patch-clamp techniques, which measure electrical signals 
directly. These methods have generated invaluable and crucial information about 
the nature of the underlying ionic conductances. Although electrical recordings 

  Fig. 18.1    Triple labeling of a human submucous ganglion present in a routine duodenal biopsy. 
( A ) and ( A′ ) are snapshots taken from a 3D confocal stack of images recorded on a Zeiss confocal 
microscope and deconvolved using Huygens (SVI). The  white arrow  indicates a glial cell (as iden-
tifi ed by S100 antibody labeling) in close apposition to a nerve cell (HuCD) and neuronal fi bers 
(NF200)       
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cannot be beaten in terms of temporal resolution, the spatial aspect of electrode 
recordings is very poor, as data can only be collected from a limited number of sites, 
mostly only one, being the postsynaptic cell. 

 Although voltage sensitive dyes (V m  dyes: di-4-ANEPPS, RH 484) have been 
around for several decades, their relatively poor quantum yield—compared to some 
Ca 2+  indicators—has prevented widespread use of these dyes. Given the improved 
stability of later generation V m  dyes (di-8-ANEPPS) and enhanced sensitivity of the 
recording equipment (Obaid et al.  1999 ; Neunlist et al.  1999 ), V m  dye recordings 
have become a lot more effi cient. In order to record these fast events dedicated 
 cameras are necessary to collect a suffi ciently large signal at kHz frequency. 
Maximum temporal resolution can only be obtained using widefi eld fl uorescence 
microscopy in combination with high speed (EMCCD’s and sCMOS) cameras 
designed for fast acquisition (e.g. Obaid et al.  1999 ,  2005 ; Neunlist et al.  1999 ; 
Buhner et al.  2009 ). In the enteric nervous system di-8-ANEPPS recordings have 
been used successfully to monitor action potential discharge and fast excitatory post 
synaptic potentials elicited by  different   mediators (e.g. histamine) but also by 
extracts from mucosal cells obtained from patients with infl ammatory bowel 
 diseases (Buhner et al.  2009 ). 

 As an alternative to voltage sensors, also Ca 2+  indicators can be used to monitor 
neuronal activity. These bright fl uorescent molecules have been used as a surrogate 
for recording nerve activity because of the tight correlation between action potential 
fi ring and cytosolic Ca 2+  events, of which the amplitude is related to the number of 
action potentials (Hillsley et al.  2000 ; Vanden Berghe et al.  2002 ). Although Ca 2+  
imaging has provided invaluable information, with classic image recording speeds, 
Ca 2+  transients appear as relatively  uniform   events. However, the initial rise in 
 cytosolic Ca 2+  rise involves many different processes such as Ca 2+  channel opening, 
release and uptake from intracellular stores and mitochondria. We found that the 
upstroke in cytosolic Ca 2+  proceeds stepwise (Michel et al.  2011 ), refl ecting the 
contribution of individual channels or channel clusters. Ca 2+  recordings with this 
level of detail are only possible with cameras that are fast (kHz frequency) and 
 sensitive enough to collect the limited number of photons generated in a millisec-
ond time period. In a recent paper we describe such a microscope confi guration, in 
which speed is combined with relatively high resolution (512 × 512 pixel CMOS 
camera chip). This setup makes it possible to record fast Ca 2+  transients in individual 
varicosities. This technique allows one to discriminate between pre- and postsynaptic 
activity in an all optical way (Martens et al.  2014 ) and is a promising tool to 
 investigate synaptic circuits in the enteric nervous system.  

    Non-Linear Optical  Approaches   

 When light hits matter it is either absorbed or scattered (refl ection, refraction or 
 diffraction), which renders objects color, make them transparent, refl ective or 
opaque. These daily life optical interactions obey a linear law, in that the effect 
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produced bears a linear relationship with the intensity of the incident light. However 
this linearity does no longer hold true for high light intensities as generated by high 
power pulsed lasers. The ensemble of effects produced by high intensity light 
sources is commonly termed non-linear optics (NLO) and because NLO effects 
depend quadratically on the incident light intensity they have the advantage to only 
occur in a small focal volume. Probably the best known phenomenon is 2-photon 
(2P) absorption, which can be used to excite fl uorescent molecules with photons 
double the wavelength than normally used for single photon excitation. This  specifi c 
excitation method has a number of important advantages. First, excitation only 
occurs at a confi ned (confocal) spot, which reduces phototoxicity as molecules 
above or below focus are not excited. Not only is 2P excitation intrinsically confo-
cal, infrared light also penetrates signifi cantly deeper into tissues due to reduced 
scattering, which makes it possible  to   excite molecules deep into living tissues. 
Penetration depth is defi nitely not infi nite but at the moment suffi cient to image 
through the entire intestinal wall of small rodents (Fig.  18.2 ).

   A second imaging technique that is more recent and also relies on a NLO effect 
is  second harmonic (SH)      imaging. Due to the high intensity of the incident light, 
frequency doubling can occur, whereby a small amount of light is generated with 

  Fig. 18.2    Non-linear optical imaging of the mouse intestinal wall of the synaptopHluorin mouse 
(Li et al.  2005 ). This mouse expresses a green fl uorescent protein in the fi bers of some enteric 
neurons. Using 2-photon excitation (820 nm) it becomes possible to penetrate and image individ-
ual fi bers as they extend into the mucosal layers in an intact and live intestinal preparation ( green  
in  A ;  cyan  in  B ). Simultaneously with 2P excitation, frequency doubling occurs in the collagen 
layers ( red  in  A ;  yellow  in  B ).  A ,  A′ ,  A″ : Shows snapshots of a 3D reconstruction of the synapto-
pHluorin as well as the collagen layers ( red ) in the mouse colon. Note that the collagen is present 
only in two very distinct layers ( A″ ). ( B ): Confocal images taken at different depths in the synap-
topHluorin mouse intestine. Fluorescence in  cyan , second harmonic signals from collagen in  yel-
low . Note that the fl uorescence is readily excitable in myenteric and submucous plexus layers and 
remains detectable even several hundreds of μm into the crypt and mucosal layer of the intestinal 
wall ( B″  and  B″′ )       
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exactly double the frequency (half the wavelength) of the incident light. As this is 
intrinsically a scattering phenomenon, no absorption and therefore no photodestruc-
tion of a given molecule can occur. However not all molecules are capable of 
 generating SH, only non-centrosymmetric molecules that are highly ordered display 
this effect. A number of endogenous biomolecules have this property including 
 collagen, elastin and tubulin. Especially collagen generates SH very effi ciently and 
can be used to image structural aspects of the intestinal wall (Fig.  18.2 ). Collagen 
and other extracellular matrix proteins, secreted by mesenchymal cells, cross link 
and arrange leading to altered physical fi ber properties, which can be detected with 
these advanced optical techniques. We anticipate that this imaging technology will 
be useful to investigate structural changes that occur in infl ammatory diseases like 
Crohn’s disease (CD), which is characterized by relentless transmural infl ammation 
of the intestine, leading to severe complications like fi brotic stenoses. Transmural 
strictures arise from extracellular matrix deposition (including collagen) and smooth 
muscle and myofi broblast hyperplasia. Several extracellular proteins secreted by 
mesenchymal cells (collagen 1-3, fi bronectin) have been found in resection  segments 
of patients with Crohn’s strictures. 

 In conclusion, development of microscopy techniques is not at a standstill. 
Implementing novel microscopy strategies is of utmost importance to understand 
not only the cellular interactions in the planar ENS but even more so to investigate 
how information fl ows in three dimensions from the mucosa to the nerve layers, 
how this is infl uencing the control of blood fl ow and how that might depend on 
structural changes like collagen deposition.     
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