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Abstract

Background—Noninvasive methods are needed to improve the diagnosis of enteric
neuropathies. Full-field optical coherence microscopy (FFOCM) is a novel optical microscopy
modality that can acquire 1 um resolution images of tissue. The objective of this research was to
demonstrate FFOCM imaging for the characterization of the enteric nervous system (ENS).

Methods—Normal mice and EdnrB™~ mice, a model of Hirschsprung’s disease (HD), were

imaged in three-dimensions ex vivo using FFOCM through the entire thickness and length of the
gut. Quantitative analysis of myenteric ganglia was performed on FFOCM images obtained from
whole-mount tissues and compared with immunohistochemistry imaged by confocal microscopy.

© 2012 Blackwell Publishing Ltd

Address for Correspondence Allan M. Goldstein, Massachusetts General Hospital, Warren, 1153, Boston, MA 02114, USA. Tel: 617
126 0270; fax: 617 726 2167; agoldstein@partners.org.

Co-first authors.
2Co-senior authors.

DISCLOSURE
None.

CONTRIBUTORS

EC worked on all phases of the study, including imaging, IHC, data analysis, and manuscript preparation. EA was involved in tissue
preparation, imaging, co registration, and specimen analysis and contributed to manuscript revision. AP performed mouse husbandry,
mouse and human tissue preparation, IHC, and data analysis. MMM performed IHC and data/statistical analyses. LL, CS, and YB
were involved in tissue preparation, imaging, and specimen analysis. YB contributed to manuscript revision. BB contributed to study
design and image/data analysis. GT contributed to study design, image analysis, and manuscript revision. MN contributed to study
design, image and data analysis, and manuscript preparation. AMG, principal investigator, was involved in all phases of the work,
including initial study design, data analysis and interpretation, and manuscript preparation.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the corresponding author for the article.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

CORON et al. Page 2

Key Results—Full-field optical coherence microscopy enabled visualization of the full thickness
gut wall from serosa to mucosa. Images of the myenteric plexus were successfully acquired from
the stomach, duodenum, colon, and rectum. Quantification of ganglionic neuronal counts on
FFOCM images revealed strong interobserver agreement and identical values to those obtained by
immunofluorescence microscopy. In EdnrB™~ mice, FFOCM analysis revealed a significant
decrease in ganglia density along the colorectum and a significantly lower density of ganglia in all
colorectal segments compared with normal mice.

Conclusions & Inferences—Full-field optical coherence microscopy enables optical
microscopic imaging of the ENS within the bowel wall along the entire intestine. FFOCM is able
to differentiate ganglionic from aganglionic colon in a mouse model of HD, and can provide
quantitative assessment of ganglionic density. With further refinements that enable bowel wall
imaging in vivo, this technology has the potential to revolutionize the characterization of the ENS
and the diagnosis of enteric neuropathies.

Keywords

enteric nervous system; enteric neuropathies; Hirschsprung’s disease; optical coherence
microscopy; optical coherence tomography

INTRODUCTION

Enteric neuropathies are associated with many disorders of the gastrointestinal (GI) tract,
primarily with those conditions that manifest with severe intestinal dysmotility affecting
portions of, or the entire, Gl tract.12 A range of morphologic abnormalities of enteric
neurons have been described in congenital and acquired Gl disorders, including
aganglionosis in Hirschsprung’s disease (HD),3 inflammatory enteric neuropathies,*® and
even neurodegenerative diseases such as Parkinson’s disease.®

The diagnosis of enteric neuropathies is currently limited by the need for intestinal biopsies,
the absence of guidelines for neuropathologic assessment, and the lack of normative data,
especially regarding normal neuronal number and density along the Gl tract.
Histopathologic methods are time-consuming and can give variable results depending on
tissue handling and processing, variability in immunohistochemical staining, and the
inadequacy of tissue sections for morphometric evaluations. In addition, discrepancies are
common between counts obtained from different observers.” Furthermore, biopsies are often
reserved for the most severe cases, thereby limiting available histopathologic data.8° To
improve understanding of enteric neuropathies, develop better approaches to their diagnosis
and treatment, and allow novel nosologic classifications, improved tools for examining
normal and abnormal enteric nervous system (ENS) morphology are needed.

Major progress toward meeting these needs has recently been achieved by developing a
technical procedure that allows the analysis of the ENS on whole mounts of submucosal
plexus.19 Indeed, using standard biopsies obtained endoscopically, loss of submucosal
neurons was identified in Parkinson’s disease® and imaging of calcium activity was
performed in human enteric submucosal neurons.1! However, one major drawback is that
standard biopsies only allow assessment of the submucosal plexus. To date, accessing the
myenteric plexus requires full-thickness biopsies using surgical approaches, which are
invasive and therefore limited to the most severe cases. Alternative approaches using
endoscopic full-thickness biopsies, as recently performed in large animal models,12-1% might
be used in the future provided that safety can be demonstrated. However, these techniques
are invasive, limited to examination of small samples of bowel, and are prone to sampling
error. In addition, standard pathological approaches are also associated with delays in tissue
processing. Therefore, real-time noninvasive mapping of full-thickness segments of the Gl
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tract and, in particular, identification of ENS structures such as ganglia or even single
neurons would represent a major step forward in the characterization of enteric neuropathies.

Recent developments of optical methods such as optical coherence tomography (OCT) allow
depth-resolved images of tissue architecture with an axial resolution of 10-15 xm and a
transverse resolution of 15-25 ;m without the need for the administration of contrast agents.
Endoscopic OCT was successfully used to characterize mucosal structures in pathologies
such as Barrett’s esophagus, biliary or pancreatic cancers or inflammatory bowel diseases in
the colon.26-20 However, one major drawback of OCT is its low resolution when compared
with confocal endomicroscopy, prohibiting the visualization of cells or neuronal process,
which is vital in assessing the ENS. A hybrid technique, termed optical coherence
microscopy addresses this limitation by combining the high axial sectioning capabilities of
OCT with the high transverse resolution of confocal microscopy, achieving cellular
resolution imaging in the transverse or en face plane. In particular, full-field optical
coherence microscopy (FFOCM), initially developed by Dubois et al.?1:22, has been used to
image healthy and cancerous human colonic mucosa?324 at the cellular level ex vivo. The
goal of this study was to demonstrate the ability of FFOCM to image the ENS and to
perform precise quantification of ganglionic and neuronal density.

METHODS

Animal model and tissues

FFOCM

Experiments were approved by the Institutional Animal Care and Use Committee at
Massachusetts General Hospital. The mouse strain used was the EdnrbtM1YWa/J targeted
mutation on a hybrid C57BL/6J-129Sv background (JAX stock no. 003295). The
EdnrbtM1YWald mytation segregates in an autosomal recessive manner. Homozygous pups
(Ednrb™") were identified by their white coat color. Genotyping was performed using a
polymerase chain reaction-based assay to distinguish wildtype (Ednrb*/*) from
heterozygous (Ednrb*/~) mice. A total of four EdnrB~/~ mice and three wild-type littermates
were studied. Mice were euthanized with CO asphyxiation on postnatal day 21 (P21).
Laparotomy was performed and the entire colorectum removed. The colon was opened
longitudinally along the antimesenteric axis, stretched on a Sylgard plate, and fixed with 4%
paraformaldehyde prior to imaging. To assess the ability of FFOCM to image human
myenteric ganglia, surgically resected cecum was obtained under an IRB approved protocol
from a 19-year-old female who underwent ileo-cecal resection for Crohn’s disease. The
tissue was rinsed, stretched, and pinned onto an agarose plate. The mucosa, submucosa, and
circular muscle layers were removed and the tissue fixed with 4% paraformaldehyde.

Full-field optical coherence microscopy is based on conventional wide-field light
microscopy with an auxiliary reference arm that together forms a Linnik interferometer.2!
The reference arm is utilized to select a specific imaging depth by interfering the reference
light with the image of the specimen. The interference will occur only between photons that
travel the same path-length in the sample and in the reference arm. Hence, for a fixed path
length of the reference arm, the interference optically selects an en face image from a
specific depth in the sample.2! A water immersion objective lens (20x W, NA = 0.5,
Olympus America Inc., Chelmsford, MA, USA) was used in each of the sample and
reference arms, yielding a transverse resolution of 0.75 zm. Xenon arc lamp (Oriel 6263;
Newport Corporation, Irvine, CA, USA) at 600 £ 100 nm was used to provide an optical
sectioning thickness or axial resolution of 0.8 zzm in tissue. We estimated axial resolution by
measuring the ‘full width at half maximum’ of the plane response function of the FFOCM
system and transverse resolution using the first derivative of the measured edge response
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function. These methods for resolution measurement are standard in our field.21.25 Images
with 512 x 512 pixels were obtained with a CMOS camera (1M150, Dalsa, Waterloo,
Ontario, Canada or MV-D1024E-160-CL-12, PhotonFocus, Lachen, Switzerland) with an
acquisition time of approximately 2 s per en face image. Three-dimensional datasets were
obtained using a motorized stage (Picomotor 8302, New Focus, Santa Clara, CA, USA) to
depth scan the sample in steps of 0.25 #m. Image processing and analysis were performed
using Image J Software v1.42q (National Institutes of Health, Bethesda, MD, USA).

Full-field optical coherence microscopy imaging was performed over 350 zm depth on fresh
or fixed samples of stomach, duodenum, and colorectum from wild-type mice. Imaging was
conducted from the serosal side of the tissue, allowing visualization of serosa, longitudinal
muscle, myenteric ganglia, circular muscle, submucosa, and mucosa in the stomach (Movie
S1), duodenum (Movie S2), and colon (Movie S3).

Immunohistochemistry

Tissue was permeabilized for 5 h in PBS/NaN3 containing 1% Triton X-100 (Sigma, St-
Quentin Fallavier, France), 0.05% saponin (Quijilla bark; Sigma), and 10% donkey serum
(Millipore, Billerica, MA, USA). Tissue then was rinsed and blocked for 3 h with PBS and
2% donkey serum. The mouse anti-HUC/D (Invitrogen, Courtaboeuf, France) was labeled
with a Cyanine 3 (anti-HUC/D-Cy3) protein labelling kit (GE Healthcare, Velizy, France).
Whole-mount immunohistochemistry (IHC) was performed in two steps: (i) incubation with
conjugated mouse anti-HuC/D-Cy3 (1 : 200; 400 mg mL~1) for 12 h and (ii) incubation with
rabbit anti-PGP9.5 (1 : 2000; Ultraclone, Wellow, UK) for 12 h followed by incubation for 3
h with donkey antirabbit 1gG conjugated to Alexa Fluor 488 (Invitrogen). After final
washes, the tissue was laid flat on a microscope slide and mounted in a resinous
fluorescence mounting medium (Gold Prolong Medium; Invitrogen).

For immunohistochemical studies on human tissue, after blocking with 10% goat serum and
1% BSA, anti-Tuj1 antibody (Covance, Princeton, NJ, USA) was applied overnight,
followed by addition of secondary antibody (Alexafluor 594, anti-mouse 1gG) for 1 h.

Acquisition settings for confocal imaging

Confocal imaging was performed with a Nikon A1R confocal microscope equipped with
20x Plan-Apochromat objective (Nikon, Champigny sur Marne, France). Images were
acquired at 1024 x 1024 (X/Y) with a z-axis increment of 3 zm. Image processing and
analysis was performed using Image J Software v1.42q (National Institutes of Health).

Co-registration with FFOCM and fluorescence microscopy

A conventional wide-field fluorescence microscope was incorporated into the FFOCM
system by adding appropriate excitation (short pass 512 nm) and emission (band pass 540/50
nm) filters and a separate sensitive CCD camera (Cascade 11:512, Photometrics, Tucson,
AZ, USA), as described.26 The system can be switched between FFOCM and fluorescence
microscopy, thus allowing acquisition of FFOCM and fluorescence images from the same
area on a micrometre scale. As conventional wide-field fluorescence microscopy cannot
reject out-of-focus light, we implemented structured illumination fluorescence microscopy
to enable optical sectioning by inserting a grid in the illumination path of the
microscope.26:27

Statistical analysis

Data are expressed as mean + SD. Experimental data were compared using two-way
ANOVA followed by Bonferonni post-test. Interobserver agreement on the presence or
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absence of ganglia and neuronal counts was evaluated by three independent examiners. For
each pair of examiners, correspondence findings were compared using kappa analysis.
Agreement among examiners was compared statistically using a Bland-Altman analysis.2®

RESULTS

FFOCM imaging of the gut wall

Cross-sectional reconstruction of FFOCM images in mice demonstrated the capability of
this technology to enable full-thickness visualization of the gut wall, with identification of
the myenteric ganglia (Fig. 1A). In addition, individual en face images were examined at
each layer of the gut wall and myenteric ganglia could be clearly identified between the
longitudinal and circular muscle layers in the gastric fundus (Fig. 1B), duodenum (Fig. 1C),
and colon (Fig. 1D). Full-field optical coherence microscopy also provided high-resolution
imaging of submucosal blood vessels (Fig. 1E) and mucosal crypts (Fig. 1F).

FFOCM imaging of the myenteric plexus

We next determined the ability of FFOCM to morphologically and quantitatively assess the
myenteric plexus in the colorectum from wild-type mice. Co-localized FFCOM and
optically sectioned immunofluorescence recording of Hu- and PGP9.5-labeled tissue was
performed. Immunofluorescence identified enteric neuronal cell bodies and interganglionic
nerve fibers in the myenteric plexus (Fig. 2A). Co-localized recording of FFOCM and
fluorescence images showed strikingly similar morphology, with optically dense structures
containing multiple, round cell bodies as well as projecting fibers (Fig. 2B). Overlay of the
two images confirms that these round structures identified by FFOCM represent enteric
ganglion cells (Fig. 2C). To extend these results, the number of neuronal cell bodies per zm?
of ganglion was compared quantitatively between FFOCM and IHC at multiple sites along
the colorectum. For FFOCM, large, round structures contained within a ganglion were
counted as neurons. A minimum of two neurons adjacent to each other was required to
constitute a ganglion, consistent with a published definition of enteric ganglia.?° The
calculated density of neuronal cells was similar using the two methods (Fig. 2D).

Interobserver agreement analysis

To evaluate interobserver agreement on the presence or absence of myenteric ganglia by
FFOCM imaging, three independent examiners (A,B,C) determined whether myenteric
ganglia were present in four sets of images, with each set comprising nine images from
wild-type colon and 12 images from mutant colon. Kappa analysis was used to statistically
measure the observed agreement relative to agreement expected by chance. The results,
summarized in Table 1, show a high rate of concordance, with kappa values ranging from
0.77 to 1.00. To further quantify the degree of interobserver agreement, we compared the
number of neurons counted in each of 28 FFOCM images by the three different examiners.
This statistical comparison was performed using Bland-Altman plots, in which the
difference in the number of neurons counted by each pair of examiners is plotted against the
mean number of ganglia. A total of six plots were generated, each comprising a pair-wise
comparison of two of the three examiners. The variation was uniform across the data range,
indicating no evidence of bias in relation to the number of neurons present. Furthermore, the
random scatter indicated the absence of any systematic error. In all six plots, only three data
points exceeded the limits of agreement, defined as two standard deviations from the mean.

FFOCM imaging of the myenteric plexus network in a model of HD

Full-field optical coherence microscopy was used to perform a morphological analysis of the
myenteric plexus in a mouse model of HD, the EdnrB~~ mutant, which is characterized by
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distal colorectal aganglionosis. A stack of 100 + 40 images was acquired at multiple sites
along the colon and rectum from the serosal side, focusing on the interface between
longitudinal and circular muscles, where the myenteric plexus is located. Full-field optical
coherence microscopy images in wild-type mice consistently revealed the presence of
ganglionic structures in 92%, 75%, and 83% of images in the proximal colon, mid colon,
and rectum, respectively. In contrast, in Erdnb™~ mutant mice, the presence of ganglionic
structures was observed in only 56%, 50%, and 13% of images in the proximal colon, mid
colon, and rectum, respectively. Similar morphologic differences were shown by FFOCM
and confocal IHC, with abundant myenteric ganglia throughout the colorectum in normal
mice (Figs 3A-F), while EdnrB~~ mice displayed mild hypoganglionosis in the proximal
colon and severe hypoganglionosis/aganglionosis distally (Figs 4A-F).

To quantitatively validate the morphologic observations made in Figs 3 and 4, the number of
myenteric ganglia per zzm? was determined by FFOCM at four distinct sites in the proximal
colon, mid colon, and rectum of EdnrB~/~ mice and wild-type mice (Fig. 5). These results
confirm a statistically significant difference in the density of ganglia present along the
rostrocaudal length of the mutant colorectum, when compared with the homogeneous
distribution in normal mice.

FFOCM imaging of myenteric ganglia in human colon

In order to establish the potential clinical utility of FFOCM in humans, samples of human
cecum were analyzed following removal of the mucosa, submucosa, and circular muscle. En
face imaging of whole-mount tissue from the mucosal side allowed identification of
ganglionic structures. Co-registration of samples with FFOCM and immunofluorescence
following Tuj-1 labeling confirmed that FFOCM accurately identified structures
corresponding to enteric ganglia (Fig. 6).

DISCUSSION

Our study demonstrates the ability of FFOCM to perform real-time optical imaging of the
myenteric plexus in the Gl tract of mouse and human. In addition, FFOCM was able to
identify and quantify the extent of aganglionosis and hypoganglionosis in a mouse model of
HD with excellent interobserver agreement. FFOCM is based on the technology behind
OCT, an emerging technique for imaging of biological samples with micrometer-scale
resolution. In recent years, higher resolution FFOCM has been explored as a novel
alternative approach to OCT, which is based on white-light interference microscopic
imaging. In contrast to conventional OCT, the entire imaging field is illuminated with a
simple halogen/xenon arc lamp and there is no scanning of a tightly focused beam.
Tomographic images in the en face orientation are obtained by combining interferometric
images acquired in parallel using a CCD/CMOS digital camera. Due to the ultrashort
coherence length of the illumination source, the axial resolution is 0.8 zim, higher than that
of conventional OCT and similar to the resolution of a microscope with a high power
objective.2!

While FFOCM has been successfully used to image brain and sciatic nerve, cancer cell
lines, Gl tissues, vocal fold, and other tissue,23:24:30-32 ng data exist on the ability of
FFOCM to image the ENS. Our results expand the applications of FFOCM to include
assessment of the ENS, showing the ability of FFOCM to provide morphologic and
quantitative information regarding myenteric ganglia, including ganglionic area and
neuronal counts. We found that the assessment of neuronal density by FFOCM was similar
to that obtained using standard IHC with Hu antibody. As Hu is a highly reliable pan-
neuronal marker for the ENS,33 this finding indicates that all neurons can be identified with
FFOCM. Importantly, this was further highlighted by co-localized image acquisition using
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FFOCM and fluorescence microscopy built on the same optical set-up, which enabled direct
image comparison from the same area and represents an important technological advance.26
One of the major advantages of FFOCM is that it allows real-time optical sectioning of full-
thickness segments of intestine with high resolution, both in fresh and fixed tissue. FFOCM
provides full-thickness images of the gut wall in mice, including blood vessels, muscle
fibers, connective tissue, and mucosal crypts. In addition, FFOCM provides en face images
similar to those obtained with whole-mount staining of the ENS. En face imaging is
critically important to obtain quantitative normative data, such as neuronal cell density, as it
provides visualization of the whole myenteric plexus. In contrast, standard cross-sectional
histology provides images of only thin sections, leading to potentially important sampling
bias. Another advantage of FFOCM is that it requires no contrast agent or fluorescent
labeling to identify ganglia and neuronal cell bodies. However, FFOCM is limited by its use
of interferometry, which does not allow fluorescence imaging of the ENS, a useful tool for
defining the precise neurochemical phenotype of the ENS, nor does it allow functional
assessment by the use of voltage-sensitive or calcium-sensitive fluorophores.34:35

Our study identified several other limitations of the technique that need to be addressed. To
obtain maximal image quality of the myenteric plexus, we needed to image samples from
the serosal, rather than mucosal, side. While this approach is amenable to laparoscopic
imaging, mucosal imaging will need to be improved to allow endoscopic evaluation of the
ENS. Factors that influence imaging quality in FFOCM are speed, image contrast, and
depth. Currently FFOCM images at about one frame per second, so any motion of the
specimen can cause artifacts. Investigators are working on increasing FFOCM speed to
facilitate robust in vivo imaging. Image contrast in FFOCM is related to the difference in
reflectance between distinct tissue types. While FFOCM can obtain high quality images of
tissue, sources of contrast in FFOCM in human tissues merit significant future study.
Penetration depth of FFOCM is different for different tissue types. In our case, we found
that penetration through the serosa to the mucosa was possible, especially in mouse
intestine. However, with thicker human tissues, we had difficulty penetrating to the
myenteric plexus. Full-field optical coherence microscopy at longer wavelengths36 should
mitigate this problem and may allow for robust imaging of the myenteric plexus in humans.
The current FFOCM system is a bench top model and is therefore limited for in vivo and in
situ use. Further research aimed at developing a FFOCM-based endoscopic or laparoscopic
system is required. This is certainly feasible as early prototype FFOCM devices that are
compatible with laparoscopy?’ and flexible endoscopy have been developed.25:38

We were able to successfully apply FFOCM imaging to mice with null mutations of the
EdnrB gene as a proof of principle to test the ability of FFOCM to identify and evaluate
colorectal aganglionosis. EdnrB~'~ mice represent an established model of HD, with mice
having a variable length of colorectal aganglionosis.3 FFOCM was consistently able to
identify the aganglionic distal segment in these mice. Furthermore, we observed a
significant decrease in ganglion density in the proximal colon of the EdnrB~'~ mice when
compared with controls. Similar changes have previously been reported in the same
model*%-41 as well as in other models of HD.#2 The high degree of heterogeneity in ganglion
density in the proximal mutant colon reflects the wide variability in both length of
aganglionic colon in this model as well as the variable degree of hypoganglionosis present
proximally.3® From a clinical perspective, accurate delineation of the aganglionic,
normoganglionic, and intervening hypoganglionic regions is critically important for
determining the appropriate level for surgical transection,*® which is currently carried out
based on intra-operative frozen section evaluation of H&E-stained sections. Furthermore,
pathologists often examine >100 H&E-stained sections to establish or exclude the initial
diagnosis of HD.# Real-time imaging of the ENS would facilitate the diagnosis and surgical
management of this condition. In addition, for the pathologic evaluation of HD and other
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neuroenteric disorders, interobserver variability is a major limitation of current
histopathologic techniques.”2? We tested interobserver variability in interpretation of
FFOCM images by performing kappa analyses and Bland-Altman statistics. Analysis of
neuronal density by different investigators showed a highly statistically significant
interobserver concordance among blinded evaluators who analyzed the same FFOCM
images. An important limitation to our study is that we imaged only one human specimen, as
a proof of concept, and the feasibility of FFOCM imaging of myenteric neurons in humans
still has to be evaluated in a larger number of patients.

In conclusion, FFOCM has the potential to provide reliable morphologic and quantitative
assessment of the ENS in fresh or fixed gut specimen in mice and human. However, further
developments are needed to perform such analyses in vivo. With further refinements, these
techniques may ultimately enable live imaging of the ENS along any portion of the Gl tract.
This capability would be a major step forward toward improving the diagnosis of enteric
neuropathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Full-field optical coherence microscopy provides high resolution full-thickness imaging of
gut wall. Cross-sectional reconstruction of stacked planar images obtained from the serosal
side of the mouse colon reveals full-thickness colonic wall structures (A, arrows depict
myenteric ganglion). Myenteric ganglia are visualized in gastric fundus (B), duodenum (C),
and proximal colon (D). A colonic submucosal blood vessel containing erythrocytes is seen
(E), as are crypts in the colonic mucosa (F, arrows mark goblet cells in the colon
epithelium). LM, longitudinal muscle; CM, circular muscle; SM, submucosa; MUC,
mucosa.
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Figure2.

Full-field optical coherence microscopy (FFOCM) and fluorescence microscopy yield
similar images of enteric ganglia. Whole-mount immunohistochemistry (IHC) using PGP9.5
and Hu antibodies were performed of myenteric ganglia in the colon (A). Hu-
immunoreactive neuronal cells bodies (A, arrows) and interganglionic PGP9.5-labeled nerve
fibers are seen. Both stains are green in the picture as a single excitation/emission filter pair
was used, resulting in the excitation as well as detection of fluorescence of both
fluorophores. Colocalized recording of FFOCM images (imaged from the serosal side) (B)
demonstrates highly similar ganglion morphology, as confirmed by image overlay of the two
techniques (C). To compare FFOCM and fluorescence IHC quantitatively, the number of
ganglion cells in proximal colon, mid colon, and rectum from a wild-type mouse were
counted using each method and the results compared. No statistically significant differences
were found (D).
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Figure 3.

Morphologic assessment of enteric ganglia in normal mice by Full-field optical coherence
microscopy (FFOCM) and whole-mount immunohistochemistry (IHC). Representative
images from FFOCM (imaged from the serosal side) and PGP9.5 (green)/Hu (red) whole-
mount IHC were obtained from the proximal colon (A,D), mid colon (B,E), and rectum
(C,F). The colorectum displays normal-appearing enteric ganglia consisting of groups of
neuronal cell bodies connected by interganglionic nerve fibers. FFOCM images are
representative ‘real’ single images. Confocal microcopy images are shown with larger field
of view to provide representative images of a large gut segment. Scale bars in C and F are
100 zem.
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Figure4.

Morphologic assessment of enteric ganglia in Hirschsprung’s mice by Full-field optical
coherence microscopy (FFOCM) and whole-mount immunohistochemistry (IHC).
Representative images from FFOCM (imaged from the serosal side) and PGP9.5 (green)/Hu
(red) whole-mount IHC were obtained from the proximal colon (A,D), mid colon (B,E), and
rectum (C,F) of EdnrB~~ mice. The proximal colon is hypoganglionic while the distal
segments have no visible ganglia in the images shown. FFOCM images are representative
‘real’ single images. Confocal microcopy images are shown with larger field of view in
order to provide representative images of a large gut segment. Scale bars in C and F are 100

4m.
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Figure5.

Quantitative comparison of colorectal myenteric ganglion density by Full-field optical
coherence microscopy (FFOCM) in normal and EdnrB~~ mice. Wild-type (WT; n=4) and
mutant (MUT; n = 5) mice were examined by FFOCM at four different sites in the proximal
colon, mid colon, and rectum. Myenteric ganglion density remained consistent along the
length of the normal colorectum, while EdnrB~~ colon displayed significant
hypoganglionosis, with ganglion density decreasing distally. *P < 0.05, **P < 0.0001.
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Figure®6.

Full-field optical coherence microscopy (FFOCM) and fluorescence co-registration of
human myenteric ganglia. Myenteric ganglion in human cecum was imaged by FFOCM (A)
and immunofluorescence following labeling with Tuj1 antibody (B), which labels neuronal
processes and not cell bodies. Image overlay (C) of images acquired with the two techniques
from the same site.
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Interobserver concordance for assessing presence of myenteric ganglia

Table 1

Image
set

AvsB

AvsC

BvsC

A W N

0.90 (0.70-1.00)
0.90 (0.70-1.00)
0.77 (0.47-1.00)
0.90 (0.70-1.00)

0.90 (0.70-1.00)
0.90 (0.71-1.00)
0.77 (0.47-1.00)
0.90 (0.70-1.00)

1.00 (1.00-1.00)
0.80 (0.54-1.00)
0.79 (0.50-1.00)
0.80 (0.53-1.00)

Results are expressed as kappa values (95% confidence intervals).
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