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ARTICLE INFO ABSTRACT

Keywords: Visceral pain from the distal colon and rectum (colorectum) is a major complaint of patients with irritable bowel
Colorectum syndrome. Mechanotransduction of colorectal distension/stretch appears to play a critical role in visceral
Submucosa

nociception, and further understanding requires improved knowledge of the micromechanical environments at
different sub-layers of the colorectum. In this study, we conducted nonlinear imaging via second harmonic
generation to quantify the thickness of each distinct through-thickness layer of the colorectum, as well as the
principal orientations, corresponding dispersions in orientations, and the distributions of diameters of collagen
fibers within each of these layers. From C57BL/6 mice of both sexes (8-16 weeks of age, 25-35 g), we dissected
the distal 30 mm of the large bowel including the colorectum, divided these into three even segments, and
harvested specimens (~8 x 8 mm?) from each segment. We stretched the specimens either by colorectal
distension to 20 mmHg (reference) or 80 mmHg (deformed) or by biaxial stretch to 10 mN (reference) or 80 mN
(deformed), and fixed them with 4% paraformaldehyde. We then conducted SHG imaging through the wall
thickness and analyzed post-hoc using custom-built software to quantify the orientations of collagen fibers in all
distinct layers. We also quantified the thickness of each layer of the colorectum, and the corresponding distri-
butions of collagen density and diameters of fibers. We found collagen concentrated in the submucosal layer. The
average diameter of collagen fibers was greatest in the submucosal layer, followed by the serosal and muscular
layers. Collagen fibers aligned with muscle fibers in the two muscular layers, whereas their orientation varied
greatly with location in the serosal layer. In colonic segments, thick collagen fibers in the submucosa presented
two major orientations aligned approximately +30° to the axial direction, and form a patterned network. Our
results indicate the submucosa is likely the principal passive load-bearing structure of the colorectum. In addi-
tion, afferent endings in those collagen-rich regions present likely candidates of colorectal nociceptors to encode
noxious distension/stretch.

Biaxial extension test
Confocal microscopy
Mechanotransduction
Visceral pain

1. Introduction colon and rectum (colorectum) is the cardinal complaint from patients

with irritable bowel syndrome, a condition that affects up to 20% of the

Visceral pain arising from the internal organs has unique clinical,
psychophysical manifestations associated with organ biomechanics. It is
mechanical distention/stretch of hollow visceral organs — not tissue-
injurious pinching or cutting — that reliably evokes the perception of
pain from the viscera; see (Feng and Guo, 2020) for a recent review.
Non-mechanical stimuli to the colorectum (e.g. burning) often fail to
evoke painful sensations (Feng and Guo, 2020). Hence, mechano-
transduction of colorectal distension/stretch appears to play a critical
role in visceral nociception. Specifically, visceral pain arising from distal

US population (Lovell and Ford, 2012).

Consistent with the importance of mechanotransduction in visceral
pain, the majority of sensory afferent nerve endings in the colorectum
are mechanosensitive, as systematically characterized by us previously
using single-fiber recordings and a non-biased electrical search strategy
(Feng and Gebhart, 2011). Mechanosensitive afferents make up 77% of
the total afferent innervations of the colorectum in the lumbosacral
pathway and 67% in the thoracolumbar pathway (Feng and Gebhart,
2011). Mechanically-insensitive afferents innervate the rest of the
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colorectum and appear to encode hyperosmotic and chemical stimuli
(Feng et al., 2016). Hence, high-threshold mechanosensitive afferents
that encode noxious colorectal distension are the likely candidates
causing visceral pain.

To complement the wealth of literature on colorectal afferent neural
encoding, we recently conducted macroscale biomechanical studies on
mouse colorectal tissues via biaxial mechanical stretch and opening
angle tests (Siri et al., 2019a, 2019b). Specifically, we uncovered dif-
ferential biomechanical properties in colonic and rectal regions of the
colorectum which correlate with the different dominant innervations by
sensory afferents in the pelvic nerves (lumbosacral pathway) and lumbar
splanchnic nerves (thoracolumbar pathway), respectively (Siri et al.,
2019a). By conducting biaxial extension tests on separated sub-layers of
the colorectal wall, we established direct biomechanical evidence sup-
porting the role of submucosa as the load-bearing structure of distal
colorectum (Siri et al., 2019b). Interestingly, sensory afferent endings
concentrate in the submucosa and muscularis propria the colon and
rectum (Spencer et al., 2014), which are focal regions of high mechan-
ical stresses during physiological intestinal distension and peristalsis.
The muscularis propria also consists of the myenteric plexus that pro-
vides major intrinsic innervation to the colon (Furness, 2012).

Further advancing our understanding of mechanotransduction re-
quires microscale knowledge of the biomechanical environment within
each sub-layer of the colorectal wall, each embedded with extrinsic
sensory afferent endings except the serosal layer (Brookes et al., 2013;
Spencer et al., 2014). The morphology, orientation, and content of
collagen fibers largely determine the micromechanics of soft biological
tissues and these fibers serve as the major load-bearing structures for
many biological tissues (e.g. skin, tendon, cartilage, and blood vessels
(Nimni and Harkness, 1988)). Thus determining the principal orienta-
tion and morphology of collagen fibers in the colorectum will likely
provide key insights on the load-bearing regions that undergo noxious
colorectal distension/stretch. Further, afferent endings in those
collagen-rich regions are likely candidates for colorectal nociceptors to
encode noxious distension/stretch.

Recent advances in nonlinear optical imaging established that sec-
ond harmonic generation (SHG) confocal microscopy is a highly selec-
tive modality for detecting collagen fibers in biological tissues (Chu
et al., 2009). The approach has since been leveraged to reveal the
structure of collagen within arteries (Schriefl et al., 2012b), cartilages
(Lilledahl et al., 2011), and the myocardium (Sommer et al., 2015),
among several examples. Similarly, scanning or transmission electron
microscopy provide information about the structure of collagen, and
even interactions at a molecular level with remarkable magnification,
but remain limited to imaging of exposed surfaces or sectioned tissues
(Wang et al., 2020; Wenstrup et al., 2004). Conventionally the contents
and morphology of collagen fibers were characterized in biological tis-
sues by chromatic staining, e.g. polarized light microscopy (Kiraly et al.,
1997; Whittaker and Canham, 1991), and fluorescent staining, e.g.
antibody to collagen (Dolber and Spach, 1993; Vogel et al., 2015). To
ensure proper binding of chromatic dye or antibodies to collagen fibers,
staining was generally performed on thin sections of tissue less than 40
pm thick. In contrast, SHG microscopy images collagen up to 1000 pm
within soft tissues or less than <100 pm within hard tissues), thus
facilitating images of the collagen architecture in-situ (Theer et al.,
2003). A comparable depth of imaging can be achieved with line field
optical coherence tomography, e.g. (Tognetti et al., 2020).

In this study, we conducted SHG imaging through the thickness of
colorectal walls of mice harvested from three axially distinct locations:
the colonic, intermediate, and rectal regions. To assess the effects of
mechanical loading, we applied either 10 mmHg (innocuous) intra-
luminal distension or 60 mmHg (noxious) distension to the colorectum
and analyzed SHG images from both groups. We implemented custom
image analyses to systematically quantify the collagen network at
different colorectal layers using the following parameters: relative
contents, distribution of fiber orientation (orientation and dispersion),
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and diameters of fibers.
2. Materials and methods
2.1. Specimen preparation

We harvested the distal 30 mm of the colorectum from twenty five
mice of either sex for this study (C57BL/6, Taconic, Germantown, NY),
which were 8-16 weeks in age and weighed 20-30 g. This age group
includes young adult and adult mice consistent with prior studies
focusing on colorectal afferent neurophysiology, e.g. (Brierley et al.,
2004, 2005a, 2005b; Feng and Gebhart, 2011, 2015; Feng et al., 2012b,
2012¢, 2013, 2016). We anesthetized mice by isoflurane inhalation,
euthanized by exsanguination after perforating the right atrium, and
transcardially perfused with oxygenated Krebs solution (in mM: 117.9
NacCl, 4.7 KCl, 25 NaHCO3, 1.3 NaH3P04, 1.2 MgS04-7H20, 2.5 CaCly,
11.1 D-Glucose, 2 butyrate, and 20 acetate) bubbled with carbogen
(95% Og, 5% CO3). By performing a midline laparotomy and transecting
the pubic symphysis, we exposed the pelvic floor organs to harvest the
distal 30 mm of the large bowel, i.e. the distal colon and rectum. We
carefully removed connective tissues and transferred specimens to
modified Krebs solution with added nifedipine (4 pM; L-type calcium
channel antagonist to block muscle activities), penicillin-streptomycin
(100 U/ml, Fisher Scientific, Greenwich, RI), and protease inhibitors
(P2714, Sigma Aldrich, St. Louis, MO). Consistent with prior electro-
physiological and behavioral studies implementing colorectal disten-
sion, e.g. (Feng et al., 2012a), we cannulated and distended each colon
with phosphate buffered saline (PBS) at room temperature and at
ascending levels of graded intraluminal pressure: 15, 30, 45, 60 mmHg,
10 s per distension, at least four times. We divided the 30 mm color-
ectum segment axially into three segments of 10 mm each, i.e. the
colonic, intermediate and rectal segments from proximal to distal
locations.

Using 12 of the specimens of colorectum, we cut the cylindrical
segments open into tissue squares of ~8 x 8 mm? and applied biaxial
extension using our custom mechanical testing setup reported previ-
ously (Siri et al., 2019a, 2019b). We stretched each square of tissue
biaxially by either 10 mN (reference) or 80 mN (stretched) and fixed
them in 4% paraformaldehyde (PFA) at room temperature for 60 min.

We divided the remaining 13 specimens of colorectum into two
groups, either reference (seven colons) or stretched (six colons). We
cannulated both groups of specimens and distended them with an
intraluminal pressure of either 20 mmHg (reference) or 80 mmHg
(stretched) at room temperature. We maintained the distension for 6 h to
eliminate any time-dependent mechanical effects within the tissue,
consistent with the slow-ramped, biaxial stretch we used previously (Siri
et al.,, 2019a, 2019b). We monitored the intraluminal pressure during
distension and maintained it at 80 mmHg. We then fixed the distended
colorectums in 4% PFA at room temperature for 60 min. Finally, we
rinsed specimens in PBS three times (5 min each) to remove the PFA,
divided them into three segments, cut each open, and mounted each
onto glass slides (Permount, Fisher Scientific, Hampton, NH) with the
serosa side facing the cover slip (No 1.5).

2.2. Images via second harmonic generation confocal microscopy

We imaged through the wall thickness of the mounted colorectal
specimens using nonlinear SHG imaging with two-photon microscopy.
We imaged specimens that underwent biaxial stretching using an LSM
780 system (Carl Zeiss, Oberkochen, DE) equipped with a 40 x objective
(C-Apochromat 40 x /1.2 W Corr, working distance of 280 pm). We
imaged specimens distended by intraluminal pressure using a LSM 510
system (Carl Zeiss) with a 20 x objective (W Plan-Apochromat 20 x
/1.0, working distance of 1.8 mm). We used a tunable two-photon light
source (Chameleon, Coherent, Santa Clara, CA) at 900 nm (40 x ) and
850 nm (20 x ) to excite the SHG and collected the signal at 450 nm and
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425 nm, respectively. Different bandpass filters available for the two
microscopy systems required slight adjustments of excitation and
recording wavelength. We carefully tested the wavelength we used to
ensure proper detection of SHG signals. We obtained images at 1 pm
steps through the thickness of the specimen.

2.3. Analyses of images

We applied a specialized analysis algorithm to determine the fiber
direction from the image stacks we obtained, see Fig. 1 (Schriefl et al.,
2012a, 2012b). Briefly, we first used ImageJ (1.52i, NIH, USA) to
enhance the contrast of our images by histogram equalization and we
manually adjusted brightness and contrast, if required. We then con-
verted the Zeiss image stack into a sequence of bitmap images (jpgs). To
account for potential rotation of the specimens on the glass slides we set
the orientations of the fibers in the layer of circular muscle as a reference
to 0°. Next we calculated the 2-D Fourier transformation and the power
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spectrum density. Via wedge filtering, we then obtained the radial in-
tensity histogram. The peak locations in the histogram corresponded to
the principal orientations of the fibers while the width of the peaks
indicated the degree of alignment (conversely dispersion) of collagen
fibers about the principal orientation.

Two independent, trained observers (FRM, SAS) examined the image
stacks to manually quantify the thicknesses of the individual layers
through the thickness of each specimen. We leveraged this information
about the thickness of each layer to generate averaged histograms
(layer-specific histograms) representative of the collagen orientations
within each corresponding layer. We used these layer-specific histo-
grams to fit von Mises distributions to the orientation data of each
functional layer within each specimen and thus obtain fitting parame-
ters representing the collagen morphology (Lilledahl et al., 2011), i.e.
the location parameter y and the concentration parameter b, where b =
0 indicates isotropy and b —o indicates perfect alignment, cf. (Gasser
et al., 2006; Schriefl et al., 2012b). We also best fit lines to the

Fig. 1. Overview of our analyses of the images
obtained via SHG. We (a) applied a Hamming fil-
ter, (b) performed fast-Fourier transform, and (c)
calculated the power spectral density. Using (c) we
quantified, via wedge-filtering, the distribution of
the fibers in the original image as a histogram. We
repeated this process for all the images within a z-
stack and (e) generated a 2-D representation of all
of the histograms where red in the color scale
corresponds to a maximum in the relative magni-
tude. We then (f) summed these histograms from
each layer to obtain an overall histogram repre-
senting the fiber distribution within that layer,
facilitating our fitting with a Von Mises distribu-
tion quantifying the principal orientation and
dispersion in orientation (black line). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Rel. magnitude (%)

Axial
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corresponding cumulative distribution functions to determine the de-
grees of tissue anisotropy (Schriefl et al., 2012a, 2012b). Additionally,
we combined the layer-specific histograms from all specimens to
generate composite histograms for each location and treatment, and
repeated the same fitting process. We used these combined analyses to
quantify the overall, composite morphology of all the specimens we
investigated. We completed all image analyses using a custom algorithm
implemented in MATLAB (R2019b, MathWorks, Natick, USA).

2.4. Statistical analyses

We used three-way ANOVAs to identify statistically significant dif-
ferences among both the thicknesses of layers and diameters of fibers
based on configuration (reference vs. deformed) and tissue layers
(serosa, muscle, submucosa, mucosa). We performed post-hoc power
analyses for configuration (reference, deformed), segment (colonic, in-
termediate, rectal), layer (serosa, circular muscle, submucosa), config-
uration vs. segment, configuration vs. segment, and configuration vs.
segment. We also used Bonferroni post-hoc comparisons for cases with
significant F values for main effects.

Prior to data collection, we determined the sample sizes for our ex-
periments by power analyses relying on standard deviations estimated
from our prior biomechanical studies on the colorectums of mice (Siri
et al., 2019a, 2019b). Additionally, we validated the statistical power of
each factor (configuration, segment, layer, configuration x segment,
segment x layer, and configuration x layer) after data collection as
>0.8.

We completed all statistical analysis using SigmaPlot v14.0 (Systat
Software, San Jose, CA) with a significance level P < 0.05.

3. Results
3.1. Images via second harmonic generation confocal microscopy

SHG imaging of the mouse intestine tissue captured the character-
istic layers, i.e. serosa, circumferential and axial muscle, submucosa,
and mucosa, for all specimens, see Fig. 2. The through-thickness-
intensity profile revealed that the SHG signal, which is proportional to
the collagen content, was strongest in the submucosa. We needed to use
contrast enhancement to reveal the morphology of fibers in the other
layers.

The stretching treatment resulted in fiber recruitment, i.e. stretching
of the fibers. However, our equi-biaxial extension did not provide
consistent recruitment and we could only observe this behavior reliably
when inflating the specimen. Additionally, we could only observe
stretched fibers in the colonic segments, while fibers in the intermediate
and rectal segments remained wavy.

3.2. Analyses of images and statistical analyses

3.2.1. Thicknesses of layers

The mucosa layer was thickest in all segments (colonic, intermediate,
rectal), followed in descending order by submucosa, muscle layer, and
serosa, see Fig. 3. The layer thicknesses for reference vs. deformed
(stretched) configurations showed significant differences (three-way
ANOVA, Fj 123 = 9.225, P = 0.003) for all three segments. Among the
four layers of the colorectum the mucosa layer thinned significantly
when we inflated the complete specimen (post-hoc comparison, Differ-
ence of Means = 29.762 pm, t = 5.844, P < 0.001). The thicknesses of
the remaining layers did not undergo any significant changes (post-hoc
comparison, Difference of Means = 2.294 pm, t = 0.548, P = 0.584 for
submucosa; Difference of Means = 2.619 pm, t = 0.626, P = 0.532 for
muscle layer; and Difference of Means = 1.581 pm, t = 0.372, P = 0.711
for serosa). We provided the corresponding data on the mean thickness
of each individual layer determined from all specimens in Table 1.
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Fig. 2. (a) A representative through-thickness image and corresponding in-
tensity plot reveals the strongest signal originated from the submucosa. (b) We
confirmed the finding by reviewing representative images before contrast en-
hancements. Only the submucosa (1) presents visible fibers, while the
remaining specimens (2-5) appear black. (c) With enhanced contrast, we see
clear fibers in the serosa (2) and blurry, but distinct, fibers in the circumfer-
ential (3) and axial (4) muscle layers and the mucosa (5). (d) With an intra-
luminal pressure of 20 mmHg (left) the reference specimen has wavy fibers
while a pressure of 80 mmHg (right) causes the collagen fibers to stretch. The
white scale bar indicates 250 pm.
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Fig. 3. Layer thicknesses of specimens from (a) colonic, (b) intermediate, and (c) rectal locations show a similar pattern. The mucosa is thickest, followed in
descending order by submucosa, muscle, and serosa. The * indicates a significant difference between reference and deformed configurations.

3.2.2. Morphologies of collagen networks

We established composite histograms with corresponding Von Mises
fits for the colonic, intermediate, and rectal sections, respectively, for all
layers and treatments, see Figs. 4-7. We provided the fitted data from

the histograms of each individual layer for all specimens and for the
(averaged) composite in Tables 2-4. We could not clearly distinguish the
lateral (axial) muscle layer from the serosa layer in the images at 20x,
and thus we pooled these data.
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Table 1
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The mean layer thicknesses for all layers (serosa, muscle, submucosa, mucosa) for all segments of colorectum (colonic, intermediate, rectal) in both the reference and
deformed configurations obtained via analyses of SHG images.

Colonic Intermediate Rectal
Reference Deformed Reference Deformed Reference Deformed
Serosa (pm) 16.83 16.14 23.40 15.83 31.83 44.83
Muscle (pm) 20.17 17.86 23.00 28.67 39.00 43.50
Submucosa (pm) 30.67 31.29 41.67 40.00 58.50 52.67
Mucosa (pm) 91.33 61.57 96.50 75.67 100.00 68.33
Reference Deformed
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Fig. 4. Composite (overall) histograms of the orientation of fibers in the colonic segments for (a-b) the serosa, (c-d) the muscle layer, and (e-f) submucosa for both

the (a,c,e) reference and (b,d,f) deformed configurations. The black line indicates the fitted Von Mises distribution.
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Fig. 5. Composite (overall) histograms of the orientation of fibers in the intermediate segments for (a-b) the serosa, (c—d) the muscle layer, and (e—f) submucosa for
both the (a,c,e) reference and (b,d,f) deformed configurations. The black line indicates the fitted Von Mises distribution.

The serosa layer typically presented a single peak in individual
specimens in the reference configurations. These same specimens then
often presented two peaks (or even isotropic distributions) in the
deformed configurations. In our analyses of the serosa layers we found
differences between the individual specimens and our averaged
composite.

The muscle layers presented a dominant peak at 0° across all speci-
mens (high b), i.e. these are predominantly the circular muscle layer. We
found that configuration (reference vs. deformed) did not influence the
principal fiber orientation meaningfully, indicating that the muscle fi-
bers are highly aligned in the reference configuration. Some individual

specimens did present additional peaks of smaller amplitudes and higher
dispersions. The averaged composite does represent the individual
specimen well.

The submucosa layers generally presented significant dispersion
through the thickness and different locations of the largest peak. Thus
we found deviations among the individual specimens compared to the
composite overall data, e.g. the composite histogram for the colonic
specimen at reference configuration appears isotropic, while most in-
dividual specimens present one or two peaks.
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Fig. 6. Composite (overall) histograms of the orientation of fibers in the rectal segments for (a-b) the serosa, (c-d) the muscle layer, and (e-f) submucosa for both the
(a,c,e) reference and (b,d,f) deformed configurations. The black line indicates the fitted Von Mises distribution.

3.2.3. Diameters of fibers

Comparing the fibers in the layers, submucosa had the largest di-
ameters in all segments (colonic, intermediate, rectal), followed by fi-
bers in the serosa and fibers in the muscle layers, see Fig. 7. Fiber
diameters in all three layers (grouping circumferential and axial muscle
layers) showed significant differences (three-way ANOVA, Fj3g19 =
11.6, P < 0.001). However, comparing corresponding fibers in the
colonic vs. rectal segments showed no significant differences (Post hoc
comparison, Difference of Means = 0.139 pm, t = 2.344, P = 0.057). The
supporting collagen fibers in the muscle layers were statistically indis-
tinguishable. We only observed a marginal influence of our inflation

treatment on the fiber diameter (difference in means = 0.23 pm) and
thus pooled those results in Fig. 7.

Fiber diameters in specimens in the reference vs. deformed
(stretched) configurations showed significant differences (3-way
ANOVA, F; 3810 = 24.014, P < 0.001). As an example, fiber diameters in
the serosa layers in the colonic and intermediate segments showed a
significant difference between the reference and deformed configura-
tions (Post hoc comparison, Difference of Means = 0.814 pm, t = 4.772,
P < 0.001 for colonic, and Difference of Means = 0.6 pm, t = 3.493, P <
0.001 for Intermediate). Additionally, fiber diameters in the lateral
(axial) muscle layers in the colonic and rectal segments showed a
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Table 2

Fitted parameters for the mean fiber orientations (y;) and fiber dispersions (;) for up to two families of fibers (i = 1,2) for the three mechanically relevant layers
(serosa, muscle, submucosa) at the colonic location along the intestine. NA denotes missing data, i.e. we only successfully prepared, imaged, and analyzed five
specimens. Isotropic denotes specimens with no predominant fiber orientation.

Colonic
Reference Deformed
m( =) k(=) Hy (=) Kk2( =) m(=) k(=) Ha( =) Kk2( =)
serosa 1 -81.66 6.00 - - -71.41 2.29 - -
2 80.41 5.11 - - -88.35 6.29 - -
3 -27.62 0.62 - - -43.85 11.46 64.96 10.80
4 0.31 10.93 - - 87.27 6.39 - -
5 86.37 1.34 - - 0.22 4.45 79.50 2.40
6 -24.55 1.25 - - NA
C Isotropic 90.00 1.76
muscle 1 0.67 60.00 -72.68 5.08 -1.83 20.00 49.92 17.92
2 2.78 60.00 - - -4.40 0.10 - -
3 0.75 60.00 - - 0.74 1.30 - -
4 -1.07 16.41 -82.00 60.00 3.99 40.17 - -
5 2.75 50.73 - - 0.49 19.44 29.28 2.96
6 -3.54 27.63 32.44 3.93 NA
C 0.13 35.01 - - 3.98 16.23 - -
submucosa 1 -70.42 1.42 - - -60.56 6.13 60.57 3.09
2 39.18 1.04 - - -71.01 1.39 - -
3 -31.94 3.77 29.78 0.87 -33.25 3.47 43.03 2.64
4 -14.20 0.86 - - 74.42 0.95 - -
5 -1.03 5.26 52.70 2.39 65.79 1.55 - -
6 41.70 1.04 - - NA
C Isotropic -58.84 3.23 68.84 3.23
significant difference between the reference and deformed configura- The power of our statistical analyses for configuration (reference,
tions (Post hoc comparison, Difference of Means = 0.638 pm, t = 4.007, deformed), segment (colonic, intermediate, rectal), layer (serosa, cir-
P < 0.001 for colonic, and Difference of Means = 0.706 pm, t = 3.661, P cular muscle, submucosa), configuration vs. segment, configuration vs.
< 0.001 for rectal). Moreover, fiber diameters for the submucosa layer in segment, and configuration vs. segment are 0.998, 0.989, 1.000, 0.986,
the intermediate segment showed a significant difference between the 0.999, and 0.999 respectively with a = 0.05.

reference and deformed configurations (Post hoc comparison, Difference
of Means = 0.995 um, t = 6.675, P < 0.001).



F. Maier et al. Journal of the Mechanical Behavior of Biomedical Materials 113 (2021) 104116

Table 3

Fitted parameters for the mean fiber orientations (y;) and fiber dispersions («;) for up to two families of fibers (i = 1,2) for the three mechanically relevant layers
(serosa, muscle, submucosa) at the intermediate location along the intestine. NA denotes missing data, i.e. we only successfully prepared, imaged, and analyzed five
specimens. Isotropic denotes specimens with no predominant fiber orientation.

Intermediate
Reference Deformed
m( =) k(=) Ha( =) rka( =) m( =) k(=) Ha( =) Kka( =)

serosa 1 -50.45 2.03 - - Isotropic

2 -86.76 3.58 - - Isotropic

3 -52.51 1.67 - - 0.96 1.63 71.41 18.34

4 Isotropic 84.89 1.45 - -

5 13.10 0.51 - - 74.08 1.18 - -

6 NA -4.16 37.63 87.64 2.11

C -60.09 1.63 - - -90.00 1.76 - -
muscle 1 2.84 60.00 -50.37 2.75 1.62 60.00 - -

2 1.60 37.70 90.00 11.85 Isotropic

3 1.08 48.83 - - 1.60 60.00 - -

4 1.58 60.00 - - 2.51 4.39 - -

5 2.42 51.98 - - 4.88 15.63 - -

6 NA Isotropic

C 1.50 51.00 - - 1.00 60.00 - -
submucosa 1 -37.03 1.44 - - Isotropic

2 -72.46 0.97 - - -36.87 11.28 62.55 2.63

3 Isotropic 2.56 0.55 - -

4 -84.99 1.21 - - Isotropic

5 -26.73 0.66 - - -55.79 1.61 51.04 5.93

6 NA -57.17 2.73 64.94 6.73

C -58.84 1.08 - - Isotropic

Table 4

Fitted parameters for the mean fiber orientations (y;) and fiber dispersions (;) for up to two families of fibers (i = 1,2) for the three mechanically relevant layers
(serosa, muscle, submucosa) at the rectal location along the intestine. NA denotes missing data, i.e. we only successfully prepared, imaged, and analyzed five spec-
imens. Isotropic denotes specimens with no predominant fiber orientation.

Rectal
Reference Deformed
#( =) k(=) Ha( =) K2 =) m( =) k(=) (=) Kka( =)
serosa 1 64.72 10.27 - - 61.04 0.82 - -
2 Isotropic 26.43 3.26 - -
3 7.97 0.46 - - 13.49 8.46 66.70 2.67
4 67.26 1.90 - - -83.89 2.57 - -
5 Isotropic 36.13 0.52 - -
6 -45.73 1.05 - - -71.13 2.23 - -
C 50.91 0.94 - - Isotropic
muscle 1 1.51 40.32 - - -0.49 5.15 - -
2 0.39 8.76 81.52 15.75 3.04 17.60 - -
3 1.92 25.03 83.41 3.58 3.00 60.00 - -
4 4.54 4.82 - - 0.58 34.60 - -
5 1.07 31.58 - - 11.40 4.12 - -
6 0.22 60.00 - - 1.89 60.00 -74.64 1.00
C 1.63 41.55 - - 3.78 10.48 - -
submucosa 1 43.43 1.44 - - -59.68 0.84 - -
2 -45.77 1.03 - - 20.97 2.44 - -
3 Isotropic -47.75 0.87 - -
4 29.13 0.41 - - Isotropic
5 0.00 0.95 - - 79.58 0.94 - -
6 Isotropic 88.35 1.66 - -
C Isotropic Isotropic
4. Discussion submucosal layer is more than one order of magnitude higher than in the
other sub-layers of mouse colorectum. The colorectal wall can be
4.1. Images via second harmonic generation confocal microscopy separated into inner and outer composite layers from the submucosal
space (Siri et al., 2019b). The outer composite consists of two muscular
Our microscopy setups allowed label free imaging, highly specific to layers and was traditionally considered load-bearing, whereas the inner
collagen fibers, through the entire thickness of our specimens (Schriefl composite consists mostly of the wavy mucosa and was considered
et al.,, 2012a, 2012b). We reported that the SHG signal strength in the inferior in mechanical strength versus the outer composite.
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Our recent study using biaxial extension tests revealed a surprising
load-bearing function of the inner composite: the mechanical stiffness of
the inner composite is comparable to that of the corresponding outer
composite, and the axial mechanical stiffness is larger in the inner
composite than in the outer (Siri et al., 2019b). As revealed in our cur-
rent study, submucosa contains concentrated collagen fibers relative to
all other locations in the colorectum, and thus is likely the principal
load-bearing structure of the inner composite. In addition, submucosa is
relatively thin occupying only ~20% of the colorectal wall thickness
which, in combination with its high collagen contents, indicates that
mechanical stresses in the submucosa are likely much larger than in
other layers.

In parallel, we recently labeled sensory neurons using a non-biased
genetic promoter VGLUT2 and discovered that the density of sensory
nerve endings in the submucosa is much higher than that in the
muscular layers and the mucosa (Shah et al., 2018). The concentrated
presence of sensory nerve endings at the region of concentrated me-
chanical stresses in the colorectum strongly indicates the nociceptive
roles of nerve endings in detecting catastrophic mechanical failure of the
colorectum to inform the central nervous system.

4.2. Analyses of images and statistical analyses

4.2.1. Thicknesses of layers

The wall of colorectum consists of, from external to internal,
anatomically distinct serosal, circular muscular, longitudinal muscular,
submucosal, and mucosal (sub-) layers. In the mouse model, many of the
sub-layers are too thin (<40 pm) to study by sections parallel to the
plane of the layers. Additionally, multiple sections perpendicular to the
plane of the layer distorts the relevant microstructure and affects
quantification of collagen fibers within. In our current study, we
determined the micromechanical environments within each layer of
mouse colorectum by nonlinear optical measurements through the
thickness of the colorectal wall via SHG. This approach removed the
need to section the tissue, thus preserved the integrity of the networks of
collagen fibers within each sub-layer.

We assessed the impact of noxious intraluminal pressure on the
thickness of the colorectal layers. We established that distension-
induced wall thinning of the colorectum stems mostly from reduced
thickness of the serosa. In contrast, the four remaining layers showed no
significant reductions in thickness following 60 mmHg intraluminal
distension. This finding suggests that submucosa, serosa, and the two
muscular layers act as fiber-reinforced, composite structures with sig-
nificant stiffness. In support, a recent study indicates that both aortic
adventitia and intestinal submucosa consist of fluid-filled interstitial
space supported by a thick network of collagen fibers (Benias et al.,
2018).

4.2.2. Morphologies of collagen networks

We were the first to systematically quantify the orientation,
morphology, and content of collagen fibers from intact colorectal wall.
We determined the statistical distributions of collagen fiber orientations
in all five layers. In the circular and longitudinal muscular layers, the
collagen fibers aligned with the orientations of smooth muscle fibers in
the circular and longitudinal directions, respectively, as reflected by a
single distinct peaks in the distribution plots. In contrast, the distribu-
tion in fiber orientations within the mucosal layer does not present
distinct peaks, reflecting that these fibers align principally with the basal
tubular structures of the crypt.

In colorectums distended by 60 mmHg intraluminal pressure,
collagen fibers in the submucosa of the colonic region demonstrates two
dominant orientations aligned approximately +30° from the longitudi-
nal (axial) direction, consistent with two prior studies showing similar
fiber orientations in the submucosa of rat small intestine (Orberg et al.,
1982, 1983). These two families of fibers crisscross one another to form
a fiber network that complicates the micromechanical environment in
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the submucosa, which is also heavily innervated by sensory nerve
endings.

In contrast to dominant orientations in the colonic submucosa, we
observed irregular patterns of collagen fiber orientations in the sub-
mucosal layers of the intermediate and rectal segments without any
dominant orientations. This likely reflects the different functions in
colorectal neural encoding within the colonic and rectal segments,
which are predominately innervated by the lumbar splanchnic and
pelvic nerves, respectively (Siri et al., 2019a). The lumbar splanchnic
nerve and the major mesenteric arteries also enter the distal colorectum
via the intermediate segment, which likely accounts for the irregular
collagen fiber patterns in the intermediate submucosa.

SHG is commonly used for imaging non-birefringent biological tis-
sues and tissue components, the most common example being collagen
(Theodossiou et al., 2006; Zipfel et al., 2003), and is considered a reli-
able method to nondestructively image collagen within soft tissues
(Fung et al., 2010; Theodossiou et al., 2006). Virtually all types of
collagen produce SHG signals, and SHG can specifically reveal the
two-dimensional and three-dimensional networks/structures of collagen
(Brown et al., 2003). Mao et al. validated the specificity of SHG imaging
for collagen fibers by conducting multimodal imaging using both Mas-
son’s trichrome staining and SHG to detect collagen fibers in intestinal
tissues (Mao et al., 2016). They confirmed that SHG and trichromatic
staining detects comparable patterns of collagen fibers.

Previous reports of collagen in intestinal tissues generally included
chromatic or fluorescent staining on sections of tissue around 10-40 pm
in thickness (Graham et al., 1988). These staining methods were not
intended to systematically determine the collagen fiber network in all
layers of the colorectum, but to serve for other purposes. For example,
studies applying Masson’s trichrome staining and Haematoxylin & Eosin
(H & E) staining revealed the significant increase in type I, III, and V
collagens in strictured intestine following chronic enteric Salmonella
infection (Grassl et al., 2008). Other studies implemented polarization
microscopy of sections stained with Picrosirius red to qualitatively
evaluate the collagen within the intestinal wall and thus to follow the
healing of anastomotic sites or diagnose collagen pathology (Rabau and
Dayan, 1994). An additional study used staining with both H & E and
Pyrofuchsin to assess the small intestines of patients with chronic heart
failure by focusing on accumulation of collagen and subsequent
dysfunction of the mucosal barrier (Arutyunov et al., 2008).

4.2.3. Diameters of fibers

The diameters of collagen fibers were significantly greater in the
submucosa than in other layers, further supporting the dominant load-
bearing role of the submucosa. As anticipated, the collagen fibers in
the submucosa were curly when the colorectum was not distended
(reference configuration), similar to fibers in other biological tissues that
only undergo meaningful mechanical loading beyond a specific
recruitment stretch (Nesbitt et al., 2015).

The diameters of collagen fibers were unchanged by noxious me-
chanical colorectal distension. Our measurements have a pixel resolu-
tion of 0.104 pm/pixel for our 40 x images. In our statistical analyses of
the fiber diameters, we only considered differences in means greater
than 5 pixels as physically significant, i.e. 0.52 pm served as our
threshold for reliable detection.

4.3. Limitations and outlook

The muscle layers presented a dominant peak at 0° across all speci-
mens (high b parameter), but some individual specimens did present
additional peaks of smaller amplitudes and higher dispersions. The
additional peaks most likely originate from interference of the sur-
rounding layers, i.e. the submucosa, intermuscularis, and axial muscle
layers. Considering the large field off view (approximately 2 mm) and
the relatively thin specimens, it is likely we did not image exactly
through the thickness but at a slight tilt potentially causing multiple
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layers to appear within individual images. We removed five images at
the beginning and at the end of each interface between layers to reduce
this interference. In reviewing individual images from tissue layers,
there was sometimes variability in the location and number of peaks, e.
g. we could typically observe one or two distinct fiber families. How-
ever, in combining these data to generate composite overall data we
sometimes washed out these sample-specific details.

We conducted nonlinear imaging via SHG to quantify the thickness
of each distinct through-thickness layer of the colorectum, as well as the
principal orientations, corresponding dispersions in orientations, and
the distributions of diameters of collagen fibers within each of these
layers. Our results reveal that submucosa is relatively thin, occupying
only ~20% of the colorectal wall thickness, and contains a relatively
high concentration of collagen and thus is likely the principal load-
bearing structure of the inner mucosal-submucosal composite. Our re-
sults will facilitate analyses of both fundamental questions (e.g.
structure-function relationships) and specific applications (e.g. device
design in biomedical research). Furthermore, our quantitative results
(measured parameters) also provide data for calibrating and/or vali-
dating computational models of colorectum, e.g. informing finite
element analyses considering the longitudinal and through-thickness
heterogeneity present in the colons of mice. Further studies should
focus on the interaction between collagen fibers and nerve endings in
the submucosa, which is likely to play a key role in colorectal mecha-
notransduction and especially mechano-nociception.
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