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Abstract
We have compared the three-dimensional (3D) morphology of stubby and spiny neurons derived
from the human small intestine. After immunohistochemical triple staining for leu-enkephalin
(ENK), vasoactive intestinal peptide (VIP) and neurofilament (NF), neurons were selected and
scanned based on their immunoreactivity, whether ENK (stubby) or VIP (spiny). For the 3D
reconstruction, we focused on confocal data pre-processing with intensity drop correction, non-blind
deconvolution, an additional compression procedure in z-direction, and optimizing segmentation
reliability. 3D Slicer software enabled a semi-automated segmentation based on an objective
threshold (interrater and intrarater reliability, both 0.99). We found that most dendrites of stubby
neurons emerged only from the somal circumference, whereas in spiny neurons, they also emerged
from the luminal somal surface. In most neurons, the nucleus was positioned abluminally in its soma.
The volumes of spiny neurons were significantly larger than those of stubby neurons (total mean of
stubbies 806 ± 128 μm3, of spinies 2,316 ± 545 μm3), and spiny neurons had more dendrites (26.3
vs. 11.3). The ratios of somal versus dendritic volumes were 1:1.2 in spiny and 1:0.3 in stubby
neurons. In conclusion, 3D reconstruction revealed new differences between stubby and spiny
neurons and allowed estimations of volumetric data of these neuron populations.
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Introduction
Neuronal intermediate filaments are important cytoskeletal structures that maintain neuronal
shape and function and add rigidity, tensile strength and intracellular transport guidance within
neuronal cell bodies and along dendritic and axonal processes (Julien 1999; Liu et al. 2004;
Braissant 2007; Yuan 2007). Neurofilaments (NF) are type IV intermediate filaments
composed of three subunits: light, medium and heavy protein chains. They are present in
subpopulations of both central and peripheral neurons (Vickers and Costa 1992; Eaker 1997);
other neuronal intermediate filaments are α-internexin and peripherin (Yuan 2007).

It has been a persistent challenge to characterize anatomical structures to provide a solid basis
for any pathological assessment. The works of Ramón y Cajal (1911) were mainly based on a
silver impregnation method, which established the foundation of modern neuroscience.
Decades later, it was shown that the distribution pattern of silver staining in the central nervous
system of the guinea pig correlates with that of NF immunostaining (Vickers and Costa
1992). Similarly, enteric neuron types described by silver impregnation (Stach 1989; Stach et
al. 2000) were verified by NF immunohistochemistry in pig and human intestines (Brehmer
2006). Thus, NF immunohistochemistry provides the basis for combined morpho-chemical
phenotyping of enteric neuron types.

Two of the human myenteric neuron types recently distinguished are the stubby and spiny (type
I) neurons. Both resemble the original Dogiel type I neurons in that they have rather short
dendrites and one axon (Dogiel 1899). Neurons with stubby-shaped dendrites and axons
primarily running orally displayed immunoreactivity for enkephalin (ENK; Brehmer et al.
2005), whereas neurons with spiny shaped dendrites and axons running anally were co-
immunoreactive for vasoactive intestinal peptide (VIP) and neuronal nitric oxide synthase
(nNOS; Brehmer et al. 2006).

At first glance, the morphological differences between stubby and spiny neurons are not very
distinct. Since they have not yet been directly compared and contrasted, this study has been
undertaken to do so. We compared them morphometrically by measuring the classical
parameters (somal area, dendritic field area) first, and then applied a three-dimensional (3D)
reconstruction of their NF-immunostained cytoskeleton. For this purpose, we tried to find a
way to reveal the most realistic, three-dimensional structure of NF-immunoreactive human
myenteric neurons based on confocal serial sections, making a quantitative volumetric
approach feasible. The method provided had to be compatible with normal, up-to-date
hardware and possess a proven, highly reliable segmentation, and subsequent volume
reconstruction, method regarding inter- and intrarater variability.

Next, we compared qualitatively and quantitatively 3D-reconstructed examples of both the
neuron types. We suggest that the 3D visualization of neurons provides more realistic
information about the morphology of their NF skeleton and about the quantitative differences
between somata and dendrites of these two types than the usual two-dimensional depiction
used in our earlier studies. To our knowledge, very few attempts were made to three-
dimensionally reconstruct enteric neurons of laboratory animals on the basis of ultrathin or
confocal serial sections; no attempts were made in humans (Ermilov et al. 2003; Hanani et al.
1998; Pompolo and Furness 1990; Szurszewski et al. 2002).
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Materials and methods
Tissue processing

The use of human tissue for our experiments was approved by the Ethical Committee of the
University of Erlangen-Nuremberg. The tissue samples originated from six human beings, and
reconstructions were done from two gut segments from the body donor to the Institute of
Anatomy (Table 1).

Segments of the five patients were transported in iced physiological saline to the laboratory.
Segments of the body donor were from the duodenum (anal from the choledochoduodenal
junction) and ileum (30 cm oral from the ileocaecal junction; post mortem time 4 h). All
segments were rinsed within Kreb's solution at room temperature, and transferred into
Dulbecco's modified Eagle's medium (DME/F12-Ham, Sigma Chemical Company, St Louis,
MO, USA) containing 10 mg/ml antibiotic–antimycotic (Sigma), 50 μg/ml gentamycin
(Sigma), 2.5 μg/ml amphotericin B (Sigma), 10% fetal bovine serum (Sigma), 4 μM nicardipine
and 2.1 mg/ml NaHCO3, bubbled with 95% O2 and 5% CO2 at 37°C for 1 h. Next, they were
incubated for 5 h in the same medium with 100 μM colchicine, added to enhance peptide
immunoreactivities in the neuronal somata.

For fixation, samples were pinned out on a Sylgard-lined Petri dish and transferred into 4%
formalin in 0.1 M phosphate buffer (pH 7.4) at room temperature for 2 h. After several washes
in 0.05 M tris-buffered saline (TBS; pH 7.4), two wholemounts derived from each segment (2
× 7 segments from six human beings) were prepared by scraping off the mucosa and removing
the submucous and circular muscle layers. This resulted in longitudinal muscle/myenteric
plexus wholemounts which were subjected to the following staining protocol.

Immunohistochemistry
Seven wholemount specimens (from each of the five patients and from the duodenum and
ileum of the body donor) were preincubated for 2 h in 0.05 M TBS (pH 7.4), containing 1%
bovine serum albumin (BSA), 0.5% Triton X-100, 0.05% thimerosal and 5% normal donkey
serum. After a 10 min rinse in TBS, they were incubated in a solution containing BSA, Triton
X-100, thimerosal (see above) and primary antibodies (leu-ENK, Biotrend/Germany:
4140-0204, raised in rabbit, dilution 1:200; VIP, Progen/Germany: 16071, guinea pig, 1:500;
NF, Sigma/Missouri: 0142, mouse, 1:200) for 72 h (4°C). After an overnight rinse in TBS at
4°C, specimens were incubated in a solution equivalent to the first, but with secondary
antibodies added, rather than primary antibodies (ALEXA Fluor 555 donkey anti-rabbit,
MoBiTec/Germany: A-31572, 1:1.000; Cy™5 donkey anti-guinea pig, Dianova/Germany:
706-175-148, 1:100; ALEXA Fluor 488 donkey anti-mouse, MoBiTec/Germany: A-21202,
1:1.000; 4 h; room temperature), followed by an overnight rinse in TBS (4°C).

To reduce lipofuscin induced autofluorescence, wholemounts were incubated in ammonium
acetate buffer (pH 5.0) containing 1 mM CuSO4 for 60 min, followed by a short rinse in distilled
H2O (Schnell et al. 1999; Brehmer et al. 2004a).

Next, the wholemounts were mounted with TBS-glycerol (1:1; pH 8.6).

The remaining seven wholemounts were incubated in solutions lacking primary antisera. They
were used as negative controls and showed no staining.

Quantification by area measurements
In each of the five wholemounts (of patients) triple-stained for ENK/VIP/NF, we randomly
selected ten ENK-/NF-positive stubby neurons and ten VIP-/NF-positive spiny neurons in a
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meander-like fashion. For this purpose, we used a digital camera system (Spot-RT-realtime,
Visitron Systems, Munich, Germany) attached to a Leica Aristoplan microscope and SPOT
advanced software (Version 3.5.6 for Windows, Diagnostic Instruments, USA). Of these 100
neurons, we measured their somal and dendritic field areas (by outlining the endings of all
primary dendrites Brehmer et al. 2005; for statistical comparison see below).

Image acquisition and processing for 3D reconstruction
All together, 20 neurons were randomly selected in the two wholemounts. Ten neurons (five
duodenal, five ileal), which displayed reactivity for VIP and NF but not for ENK, as well as
ten neurons displaying co-reactivity for ENK and NF but not for VIP were scanned. For image
acquisition, we used a Bio-Rad MRC 1000 confocal laser scanning microscope attached to a
Nikon diaphot 300 equipped with a krypton–argon laser (American Laser Corporation, Salt
Lake City, UT, USA). Z-series were created at three different excitation wave lengths. The
filter settings were 568 nm excitation/filter 605 DF322 (ALEXA Fluor 555), 488 nm/522 DF32
(ALEXA Fluor 488) and 647 nm/680 DF322 (Cy5). A 40× oil immersion objective lens with
a numerical aperture of 1.3 was used to collect the initial data sets of selected neurons, which
were scanned at a resolution of 512 × 768 pixels using 0.6 μm intervals along the optical axis.
Zoom factors varied between 1.5 and 2 depending on the different cell dimensions. Final 3D
reconstructions were corrected for these differences and are identical in scale. Neuron portraits
and figure plates were prepared using Amira 3.1, Confocal Assistant 4.02, ImageJ 1.33,
IrfanView 3.97, Adobe Photoshop CS and 3D Slicer 2.6.

3D reconstruction and quantitative evaluation
Each data set was resized to a power of two [here 512 × 512 pixels (29), to improve image
processing performance (ImageJ 1.33)] and deconvolved separately after axial intensity drop
correction (z-drop) using the standard, non-blind deconvolution from the amiraDeconv
package (TGS Inc.). The deblurred 3D volume was computed by an iterative (here 12 iterations)
maximum-likelihood image restoration algorithm using a measured point spread function
(PSF) obtained from a so-called bead measurement. Sub-resolution fluorescent micro spheres
(Molecular Probes' PS-Speck green-fluorescent microsphere: P7220, 0.175 μm in diameter;
Fig. 1) were imaged under the same conditions as the specimen on top of the wholemount. In
order to make the bead measurement robust and reliable, six of such bead measurements were
spatially aligned and averaged (adapted from Brandt 2002). Generally, the optical point spread
function smears the image along the optical axis about three times that in the x- and y-direction
as shown by Turner et al. (1997,2000). Since deconvolution compensates for the microscope's
PSF, a substantial spread effect is still noticeable. Inspection shows that a compression
procedure (Fig. 1) of 3 to 1 in the z-direction almost eliminates the residual spread effect along
the optical axis (adapted from Weaver et al. 2004). We performed this z-compression by
decreasing the voxel depth by a factor of 3 once we applied an auto-adjustment of brightness
and contrast to the whole volume, followed by a conversion of the image stack into single PGM
files (ImageJ 1.33, IrfanView 3.97). The received 8 bit single optical sections consisting of
256 grey values and a near isotropic voxel size with an edge dimension ranging from 0.2 to
0.3 μm (depending upon the magnification) were loaded into 3D Slicer software (Pieper et al.
2004) and processed further for quantitative volumetric analyses. In order to do this, we
performed a user-guided semi-automated segmentation, tracing the outline of the cell using
the thresholding module in Slicer, followed by a manual expert-driven evaluation and
correction where needed. Crossing or adjacent structures of interfering neuropil had to be
identified and manually separated using the information from upper and lower slices of the
whole volume. The threshold was set at a level two standard deviations above the average
background of the image stack, plus an additional factor of 30 grey values to take into account
the remaining in plane spread effect (adapted from Gibbins et al. 2003). The average
background was estimated in over ten areas in different slices next to the cell surface (ImageJ),
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taking care for the absence of any staining in these areas. Based on the segmentation, the volume
of the neuronal cytoskeleton was measured with the MeasureVol module for the entire neuron
without axon and could be further divided into soma and dendrites. Dendrites were considered
to be extensions from the soma of more than 1 μm in length. 3D-surface models were generated
using the ModelMaker module within Slicer and were exported as VRML (Virtual Reality
Modelling Language) files or high resolution TIF-files. The interrater and intrarater reliability
of the segmentation was tested by repetitive volumetric analysis of 10 confocal data sets.

Statistical testing included the Pearson correlation coefficient for interrater and intrarater
reliability, paired with Student's t-test for statistical significance. A p value of <0.05 was
considered statistically significant.

All of the preprocessing and 3D-reconstruction steps were done on consumer-grade hardware
(suggested minimum requirements: Pentium 4 with 1 GB RAM and 128 MB 3D graphic card).

Results
Immunohistochemistry and two-dimensional morphology of neurons

Neurons co-immunoreactive for ENK and NF displayed the morphology of stubby neurons
(Fig. 2a; Brehmer et al. 2004a,b,2005). They were uniaxonal, had relatively small somata and
short, stubby dendrites.

Neurons co-immunoreactive for VIP and NF had somewhat larger somata and their dendrites
were of medium length and partly branched with spiny tips (Fig. 2b; Brehmer et al. 2004a,b,
2006). We found no neurons co-immunoreactive for all three markers.

Area measurements and subsequent statistical evaluation revealed that both somal and dendritic
field areas of spiny neurons were larger than those of stubby neurons. The somal areas of stubby
neurons ranged between 297 and 436 μm2, dendritic field areas were between 782 and 978
μm2. The somal areas of spiny neurons were between 439 and 801 μm2, and the dendritic field
areas ranged between 1743 and 3128 μm2 (Table 2).

Confocal 3D reconstruction
Resolution of structure, contrast and signal-to-noise ratio were improved (Fig. 3) by axial
intensity drop correction and a non-blind deconvolution of the initial confocal series. Making
an accurate quantitative volumetric approach feasible, the still-noticeable residual spread effect
along the optical axis after deconvolution was further eliminated by a compression procedure
in z-direction. To reveal the final three-dimensional structure, 3D Slicer software was used to
perform a semi-automated segmentation, based on an objective threshold, with subsequent 3D
reconstruction and volume measurements.

Validation of the semi-automated segmentation procedure established an interrater and
intrarater reliability of both 0.99 for total cell volumes (Pearson correlation coefficient ‘r’).

Optimized preprocessing of inherent confocal aberrations, together with high segmentation
reliability, led to a more realistic three-dimensional morphology of the NF cytoskeleton,
providing significant new differences between stubby and spiny neurons.

Neuronal 3D morphology
Portraits of the luminal surfaces of the neurons reconstructed in this study were depicted in
Figs. 4 (stubby neurons) and 5 (spiny neurons). Within the somata of stubby neurons, the NF
immunoreactivity was observed to be distributed homogeneously. In contrast, in the somata
of spiny neurons, the distribution pattern of NF immunoreactivity was inhomogeneous and its
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intensity weaker (Fig. 6a). In most of the 20 neurons (9 spiny, 7 stubby), the nucleus was
positioned eccentrically, near the abluminal surface of the soma (Fig. 6b). Only one stubby
neuron displayed a more luminal position of its nucleus; in two stubby and one spiny neuron,
the nucleus was in a central position.

All of the reconstructed neurons were Xattened in the plane of the myenteric plexus (thickness
between 2 and 4 μm; Table 3). Most of the dendrites emerged from the circumference of the
somata and extended into this ‘myenteric’ plane. In addition, all 10 spiny neurons displayed
dendrites emerging from the luminal somal surface (Figs. 5, 7). Spiny neurons with numerous
‘luminal’ dendrites displayed a hedgehog-like appearance, and two of them had additional
abluminal short processes. Most stubby neurons exclusively displayed dendrites which
emerged circumferentially, and only two of them had short dendrites on their luminal surface.

The axons of the 20 neurons investigated displayed a circular cross-sectional profile. In
contrast, most dendrites' were oval shaped. Some of the spiny neurons had short extensions
from their initial axonal segment (Fig. 5a, d, i, k).

Quantitative estimations, summarized in Table 3, showed that the total somal and dendritic
volumes of spiny neurons were significantly larger than those of stubby neurons. This was also
true for the somal and dendritic volumes when compared separately. The ratio of somal versus
dendritic volume was about 1:1.2 in spiny neurons and about 1:0.3 in stubby neurons.

Discussion
This study has shown, via direct comparison, that stubby and spiny (type I) neurons differ
morphologically, chemically and, hence, functionally. The population of ‘Dogiel type I
neurons’ in the human myenteric plexus is heterogeneous and consists of at least two quite
different neuron types. Stubby neurons may represent ascending inter- or motor neurons, and
spiny neurons may be descending inter-or motor neurons (Brehmer 2006).

Methodological considerations
Most morphological studies of peripheral and central neurons are still based on two-
dimensional imaging. However, several dye-filling studies in the peripheral nervous system
(Ermilov et al. 2000, 2003, 2004; Miller et al. 1996; Hanani et al. 1998; Watkins and Keast
1999; Anderson et al. 2001, 2003; Rich et al. 2002; Szurszewski et al. 2002; Jobling et al.
2003) have used confocal microscopy for 3D reconstruction and volumetric quantification.
Only one study in the pelvic ganglia of female guinea pigs (Jobling et al. 2003) used an auto-
deconvolution step for data pre-processing to reject interfering out-of-focus information. As
shown in Figs. 1 and 3, morphological measurements are likely to be inaccurate without
reasonable correction of the microscope's point spread function, leading to an overestimation
of quantitative measurements, particularly regarding volumetric approaches. Inspired by these
earlier works, we tried to get one step ahead to a more realistic 3D structure of NF
immunoreactive neurons. Therefore, emphasis was not only put on confocal data
preprocessing, but also on optimizing segmentation reliability.

To foster our goal of making this method widely available, we mainly used open source
software, except for the deconvolution step, in which the quality is still much better in
commercial products. By keeping a close look on the computational burden, all steps presented
in this work can be done on normal consumer-grade hardware or even on an up-to-date
notebook. The outstanding visualization capabilities of 3D Slicer software, initially developed
for MRI and CT data, were used to process optical-sectioning microscopy volume data. 3D
Slicer is a medical visualization and processing environment for research and a platform for
exploring novel image analysis and visualization techniques. An open source software
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supported by the NA-MIC Community (National Alliance for Medical Image Computing), is
freely available under http://www.na-mic.org/Slicer/Download/.

In confocal microscopy, convolution with distortion, in the form of an elongation mainly along
the optical axis, due to refractive index mismatch among the tissue, mounting medium and
optical pathway, turns points of light into so-called Airy disks. Since the intrinsic limitations
of all confocal light microscope systems are especially apparent when thick sections like
wholemounts are imaged (Holmes et al. 1995), good deconvolution has to be done to correct
the microscope's z-axis distortion. To account for this, in our data pre-processing pipeline, we
used an iterative non-blind deconvolution algorithm of the amiraDeconv package, followed by
an additional compression step to further reduce the residual spread effect along the optical
axis. In contrast to former works, we did not use a compression by voxel averaging since this
may cause some loss of information. Maintaining the original amount of optical slices, we
accomplished the compression in z-direction by decreasing the voxel depth instead.

To reduce errors arising from the subjectivity, inconsistency and fatigue that are unfortunately
associated with a sole expert-driven manual segmentation, in our semi-automated workflow
we implemented a thresholding procedure, based on the average background of each individual
image stack, as a form of automatic tracing. The average background was measured in over
ten areas in different slices with no obvious signal from any labeled structure next to the cell
surface. Semiautomatic approaches combine the efficiency and repeatability of automatic
segmentation with the sound judgement only human expertise can offer (Yushkevich et al.
2006). Since segmentation of anatomical structures in neuroimaging research is a fundamental
task, literature shows inter- and intrarater reliabilities for semiautomated segmentations in the
central nervous system of 0.91–0.99 (Klockgether et al. 1998; Luft et al. 1998, 1999; Okugawa
et al. 2003).

In this study, the tissue was stretched before and during fixation which may have contributed
to a more Xattened appearance of the neuronal somata (Gabella 1990). Flat-shaped peripheral
neurons were also found in unstretched preparations by Miller et al. (1996), in mouse superior
mesenteric ganglion. As shown in previous studies, peripheral autonomic neurons did not show
any significant differences before fixation, after fixation, or after coverslipping (Hanani et al.
1998; Ermilov et al. 2000; Anderson et al. 2001). Significant decrease in volume and shape
were reported only after dehydration procedures by Hanani et al. (1998), which were not used
in this study.

To the authors' knowledge, this is the first study using NF staining for 3D reconstruction and
volume evaluation in peripheral neurons. To search for a viable neuropathologic screening
routine, one should stain as many neurons as possible and look for histopathological changes
of single cells and for changes within the ganglion or plexus itself. Thus, dye-filling of single
neurons does not seem to be an appropriate method for diagnostic evaluation. A more feasible
approach may be the NF staining of enteric wholemounts where many ganglia are displayed
at the same time, and show at least half of the whole enteric neuron population (Ganns et al.
2006). Since it is widely accepted that accumulation of NF (Brandt 2001; Liu et al. 2004) in
neurode-generative disorders are the hallmark of neuronal dysfunction, the precise three-
dimensional visualization of the fine neuronal cytoskeleton anatomy may lead to a better
understanding of the underlying pathology.

3D-reconstructed stubby and spiny neurons
This study showed that spiny neurons are larger than stubby neurons and, additionally, revealed
some structural features of stubby and spiny neurons that could only be distinctly revealed after
3D reconstruction. In most neurons investigated, these are: the abluminal position of the
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nucleus; the absence of luminal and abluminal dendrites in the majority of stubby neurons; and
the presence of luminal, but absence of abluminal, dendrites in most spiny neurons.

The majority of dendrites in stubby and spiny (and, likely, of other) neurons emerge at the
somal circumference. This may be a result of the location of myenteric neurons between two
muscle layers and their Xattened appearance. In the case of an ‘occupied’ circumference
(mainly in spiny neurons displaying more dendrites than stubby neurons), additional dendrites
may appear on the luminal side of the soma, rather than on the abluminal. We do not currently
have an explanation for this difference.

Pretreatment of colchicine may have influenced the shapes of the neurons and may have
changed the sizes of stubby and spiny neurons differently. However, as we pointed out earlier,
we have not yet observed morphological differences between neurons in material with and
without colchicine-pretreatment (Brehmer et al. 2004b). Of course, this should be addressed
in future studies.

For the first time, we have shown that there are substantial quantitative differences between
the NF cytoskeletons of stubby and spiny neurons, via the direct comparison of neurons derived
from the same wholemount. In the human small intestine, stubby neurons are smaller than
spiny neurons. This has been shown both by conventional, two-dimensional measurements of
somata and dendritic fields as well as by volumetric comparisons between the two neuron
types. This is in line with the results of two previous studies where somal areas of stubby and
of spiny neurons were compared with those of type II neurons, which are morphologically
quite different. Stubby neurons were two to three times smaller than type II neurons (Brehmer
et al. 2005), whereas there was only a slight difference between spiny and type II neurons
(Brehmer et al. 2006).

Compared to the volumes of 3D-reconstructed enteric and peripheral neurons derived from
laboratory animals (Hanani et al. 1998; Ermilov et al. 2000, 2003; Jobling et al. 2003), the
values of the human myenteric neurons in this study are considerably smaller. This may be due
to the different labeling of the neurons. All other authors filled the neurons with dye, i.e., the
whole membrane-covered volume was reconstructed. In our study, ‘only’ NF (which does not
occupy the whole cytoplasmatic compartment) has been marked as the basis for reconstruction.

A logical extension of our previous studies (Brehmer et al. 2004a, b, 2005, 2006), 3D
reconstruction of the NF-labeled cytoskeleton revealed significant differences between the NF-
stained cytoskeleton of stubby and spiny neurons—in other words, in the positions of dendritic
origins and of nuclei within their somata. Furthermore, it allowed estimations of volumetric
data of the two human myenteric neuron populations.

In conclusion, the results of this 3D-reconstruction study corroborate our concept of the
differentiation of human type I neurons into stubby and spiny neurons displaying correlated
differences in both chemistry and morphology.
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Fig. 1.
Confocal maximum value projections of single sub-resolution spheres (Molecular Probes' PS-
Speck green-fluorescent microspheres) in xy (a) and xz (b) view, upper and lower row (a, b)
raw data; (a′, b′) deconvolved data; (a″, b″) after deconvolution with z-compression of 3 to 1.
The distance between the two white lines in b″ corresponds to the total height of b and b′ after
compression by a factor of 3 along the optical axis. Voxel size 0.2 × 0.2 × 0.6 μm (a, a′; b, b
′) and 0.2 × 0.2 × 0.2 μm (a″, b″). Scale bar 1 μm
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Fig. 2.
Different morphologies of leu-enkephalin (ENK)- and of vasoactive intestinal peptide (VIP)-
immunoreactive neurons. (a) A neuron immunoreactive for ENK (arrow), negative for VIP
(a′; arrowhead) and coimmunoreactive for neurofilament (NF) (a″; arrow) is morphologically
a stubby neuron. (b) Another neuron is negative for ENK (a; arrowhead) but positive for both
VIP (b′; arrow) and NF (b″; arrow), this is a spiny neuron. Scale bar 10 μm
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Fig. 3.
Single confocal section image of the same stubby neuron shown in Fig. 2: before (a) and after
(b) preprocessing, including: z-drop correction, non-blind deconvolution, brightness/contrast
adjustment and z-compression; single slice orthogonal view. In c the colored 3D-reconstructed
neurofilament cytoskeleton (NF; soma blue, dendrites red, axon green) is displayed on the
original raw data. Scale bar 10 μm
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Fig. 4.
Ten neurofilament (NF)-stained stubby neurons [five from duodenum (a–e), five from ileum
(f–k)] are depicted twice in luminal view: in the extended focus mode (left picture) and after
3D reconstruction (right picture; soma blue, dendrites red, axon green). The latter are shown
in 15° rotation out of the confocal plane. The neuron in (a) is the same neuron as in Figs. 2 and
3. Also all other neurons were positive for leu-enkephalin but negative for vasoactive intestinal
peptide (not shown). Scale bar 10 μm
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Fig. 5.
Ten neurofilament (NF)-stained spiny neurons [five from duodenum (a–e), five from ileum
(f–k)] are depicted twice in luminal view: in the extended focus mode (left picture) and after
3D reconstruction (right picture; soma blue, dendrites red, axon green). The latter are shown
in 15° rotation out of the confocal plane. The neuron in (a) is the same neuron as in Fig. 2. All
other neurons were positive for vasoactive intestinal peptide but negative for leu-enkephalin
(not shown). Scale bar 10 μm
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Fig. 6.
a The somal region of the spiny neuron in Fig. 5b is enlarged, the neurofilament-distribution
(blue) within the soma is inhomogeneous. b The spiny neuron from Fig. 5k is enlarged and
seen in abluminal view, and the position of the nucleus is seen as a trough. Scale bar 10 μm
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Fig. 7.
Two neurons are rotated in four steps (45°–180°) from luminal to the abluminal view (soma
blue, dendrites red, axon green). The stubby neuron (a) has only dendrites emerging from the
circumference. The spiny neuron (b) displays additional dendrites emerging from the luminal
but not from the abluminal somal surface. Scale bar 10 μm
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Table 1
Data of human gut segments used

Segment Age Sex Disease

Duodenum 28 Male Pancreas carcinoma

Duodenum 42 Female Pancreas carcinoma

Duodenum/jejunum 67 Male Pancreas carcinoma

Ileum 57 Female Caecum carcinoma

Ileum 58 Male Colon carcinoma

Duodenum + ileum 75 Male Cardiopulmonary failure (donor)

The first five human beings were patients undergoing surgery for carcinoma, the last one was a body donor to the Institute of Anatomy who did not suffer
from gastrointestinal disease
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Table 2
Somal areas and dendritic field areas of each ten stubby and spiny neurons (mean values ± standard deviations; μm2)
derived from the five patients who suffered from carcinoma

Stubby neurons Spiny neurons

Somal area Dendritic area Somal area Dendritic area

28 Duodenum 436 ± 96.8 978 ± 213 801 ± 151 3128 ± 505.4

42 Duodenum 335 ± 127.7 811 ± 242.5 636 ± 48.8 3112 ± 842.1

67 Duodenum 323 ± 67.1 782 ± 180.6 619 ± 79 2903 ± 574.1

57 Ileum 323 ± 54.4 800 ± 163.5 439 ± 76.1 1743 ± 468.7

58 Ileum 297 ± 84.9 850 ± 223.7 524 ± 111.2 2742 ± 844.6

Statistical comparison revealed that all somal areas of stubby neurons were smaller than those of spiny neurons of the same patient, the same referred to
dendritic field areas of stubby versus those of spiny neurons (all p values < 0.01)
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