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Whole gut imaging allows quantification of all enteric neurons in
the adult zebrafish intestine
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Abstract

Background: A fundamental understanding of the enteric nervous system in normal and
diseased states is limited by the lack of standard measures of total enteric neuron number. The
adult zebrafish is a useful model in this context as it is amenable to /in tofo imaging of the intestine.
We leveraged this to develop a technique to image and quantify all enteric neurons within the adult
zebrafish intestine and applied this method to assess the relationship between intestine length and
total enteric neuron number.

Methods: Dissected adult zebrafish intestines were immunostained in wholemount, optically
cleared with refractive index matched solution, and then imaged in tiles using light sheet
microscopy. Imaging software was used to stitch the tiles, and the full image underwent automated
cell counting. Total enteric neuron number was assessed in relation to intestinal length using linear
regression modelling.

Results: Whole gut imaging of the adult zebrafish intestine permits the visualization of
endogenous and immunohistochemistry-derived fluorescence throughout the intestine. While
enteric neuron distribution is heterogeneous between intestinal segments, total enteric neuron
number positively correlates with intestinal length.

Conclusions: Imaging of all enteric neurons within the adult vertebrate intestine is possible in
models such as the zebrafish. Here, we apply this to demonstrate a positive correlation between
enteric neuron number and intestine length. Quantifying total enteric numbers will facilitate future
studies of enteric neuropathies and ENS structure in animal models and potentially in biopsied
tissue samples.

INTRODUCTION

Several gastrointestinal diseases are categorized as enteric neuropathies, which often implies
a loss of enteric neurons. In the case of Hirschsprung Disease, observing a complete absence
of neurons within a segment of the colon may be technically simple to confirm®. However,
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in other conditions, such as gastroparesis, the role of enteric neuron loss as the pathologic
lesion is less clear. This is due in part to limitations of quantifying enteric neurons from

a small sample and then extrapolating to the whole organ. Indeed, normal ranges of enteric
neuron number determined by extrapolation-based methods vary widely, and such practices
have been unambiguously discouraged due to lack of consistent reproducibility3. Reliably
quantifying enteric neuronal numbers is a basic biologic measure that could greatly enhance
our fundamental understanding of several gastrointestinal diseases.

Animal models for gastrointestinal diseases have proven crucial for understanding disease
ontogeny and progression. The zebrafish is a vertebrate model organism increasingly
recognized for its applicability to and advantages for gastroenterological research®. Because
the typical adult zebrafish is 2-3 cm, imaging the adult intestine /7 foto is technically
feasible, especially when compared to other common vertebrate models whose intestines are
significantly longer and thicker in the adult stages.

To enable accurate quantification of neuronal numbers, we have developed a method to
image the full length of the adult zebrafish intestine that permits visualization of all enteric
neurons which can then be submitted for automated cell counting. We applied this method to
assess the relationship between total enteric neuron number and intestine length, uncovering
a positive correlation. This technique is well suited for applications related to enteric
neuropathies and enteric nervous system architecture.

MATERIALS AND METHODS

Zebrafish

Adult zebrafish (Danio rerio) were maintained at 28°C and on a 13-hour light/11-hour dark
cycle. All zebrafish work was completed in compliance with the California Institute of
Technology Institutional Animal Care and Use Committee. Ten adult AB wildtype male
zebrafish aged 12 months and originating from the same clutch were included in this study.
Zebrafish were euthanized with ice cold water, and measurement of body length (distance
from the snout to the caudal peduncle) was made with a ruler.

Intestine Harvesting

Dissections occurred in the morning prior to initial feeding, thus the fish were in a fasting
state. The intestine (sans esophagus and anus) was removed intact, placed in a petri dish in
its native S-shape configuration, kept moist with approximately 1 mL of 1x PBS, and then
imaged with a Zeiss Stemi SV11 microscope with an attached Zeiss Axiocam MRc digital
camera. Photomicrographs of the intestine were later analyzed with the ImageJ software
(National Institutes of Health) ruler function to determine intestinal length.

After photomicrographs were obtained, the intestine underwent further dissection of the
connective tissue that maintain its S-shape configuration such that it ultimately took the
shape of a straight tube. Then, a 10 uL pipette tip was ensheathed by the intestine [Fig. 1A]
to maintain its shape during overnight fixation in 4% paraformaldehyde in 0.1M phosphate
buffer at 4°C. Intestines were harvested serially on the same day.
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Immunohistochemistry

After fixation, the intestines were removed from the pipette tips and washed with 1x
PBS, then placed in blocking solution (2% goat serum, 1% bovine serum albumin, 1%
DMSO, 0.1% Triton X-100 and 0.05% Tween 20 in 1x PBS) for 2 h at room temperature.
Intestines were then incubated in primary antibody (anti-HuC/D IgG2b 1:200; Thermo
Fisher Scientific A21271) diluted in blocking solution overnight at room temperature
and washed for 2 h to 3 h in 1x PBS plus 0.1% Triton X-100. Then, samples were
incubated overnight in secondary antibody (goat anti-mouse 1gG2b 647 1:500, Thermo
Fisher Scientific A21242) diluted in blocking solution overnight at room temperature and
washed for 2-3 h in 1x PBS plus 0.1% Triton X-100.

Optical Clearing and Mounting

To achieve optical clearing, intestines were submerged in refractive index matching solution
(RIMS)>® for 48 hours at 4°C. The mounting medium was 1.5% low-melt agarose (1Bl
scientific, IB70056) prepared in RIMS. The cleared intestine was submerged into the melted
mounting medium and then aspirated into a 1 mL syringe (BD, ref 309659) that had its

tip cut off. Forceps were used to finalize positioning of the intestine within the syringe

to optimize a linear orientation. This RIMS-based mounting medium maintained optical
clearing of the intestine [Fig. 1A’].

Light Sheet Microscopy

The Zeiss Z.1 Light dual side illumination sheet fluorescence microscope was utilized in
this study. The syringe containing the cleared intestine was loaded into the microscope, and
then the syringe plunger was used to suspend the mounted intestine into an imaging chamber
filled with RIMS. Imaging was performed using Zen software with LSFM module. Images
were obtained with 5x objectives with an NA of 0.16, with a Z step of 5.760 um. To image
the entire intestine, image tiles were collected with 10% overlap to facilitate stitching.

Image Processing and Analysis

Tile images were manually stitched using Imaris Stitcher x64 v9.6.0 (Bitplane). The stitched
image was then submitted for automated cell counting using the “Spots” feature on Imaris
x64 v9.6.0 (Bitplane). Statistical analysis was performed using GraphPad Prism 8.2.1
(GraphPad Software, Inc). Correlations of intestinal length vs body length and total enteric
neuron number vs intestinal length were assessed using linear regression modelling. R2
values were used to report goodness of fit, and slopes were considered significantly non-zero
if p<0.05.

Imaging Endogenous Fluorescence

Intestines from adult zebrafish of the Phox2b*2ede transgenic line Tg(—8.3bphox2b:Kaede)®
were prepared as above, except they did not undergo staining for immunohistochemistry.
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Cleared intestines are compatible with in toto imaging of immunohistochemistry and
endogenous fluorescence.

After whole mount immunostaining with HuUC/D, adult zebrafish intestine imaged with
light sheet microscopy demonstrated numerous neuronal nuclei [Fig. 1B]. Luminal views
of the imaged intestine confirmed maintenance of three-dimensional cylindrical structure.
Endogenous fluorescence was also preserved with this technique, as demonstrated in
intestines originating from Phox2bkaede fish. Stitching of tiled images permitted the creation
of an /n toto, three-dimensional image of the adult intestine, revealing dense circumferential
and longitudinal neuronal projections [Fig 1C].

Enteric neuron density varies within the intestinal tract.

Adult zebrafish intestines were stained for HuC/D to facilitate counting of neuronal nuclei
throughout the intestine [Fig. 2A]. Enteric neuron counts within 300 um? varied significantly
by intestinal segment, with higher neuronal concentrations in the distalmost hindgut versus
the proximal end of the foregut (116.1 versus 63.80, p=0.0008) [Fig. 2B], and varied within
segments amongst the fish (hindgut range 72-175 neurons [SD 35.90], foregut range 31—

98 [SD 19.90]). Manual and automated cell counts (10 samplings of 300 pm?) did not
demonstrate a statistically significant difference (p=0.9156) [Fig. 2C], which was further
supported by Bland-Altman analysis with all measurements falling within the 95% limits of
agreement [Fig. 2D].

Total enteric neuron number positively correlates with intestine length.

We applied this technique to 10 adult male ABWT zebrafish originating from the same
clutch but of differing body lengths. In humans, the length of the intestine is roughly
proportional to height’, but it is unknown if longer intestines contain proportionally more
enteric neurons. We found that there is a significant correlation between zebrafish body
length and intestinal length (R2 = 0.50, p = 0.022) [Fig. 2E]. Total number of enteric
neuronal nuclei ranged from 6,414 to 15,506 (mean = 10,448.9; SD = 2857.8) and positively
correlated with intestinal length (R2 = 0.74, p = 0.0014) [Fig. 2F].

DISCUSSION

Our technique of whole gut imaging is convenient and effective, and quantifies total enteric
neuron number without relying on extrapolation. Previous estimations of enteric neuronal
numbers in zebrafish were reported in the range of 400-750 neurons per square millimeter8,
though it is unclear how to best translate this measure to total enteric neuronal numbers.
Furthermore, as apparent on our whole gut imaging, the distribution of neurons is not
homogeneous, thus raising the issue of sampling errors if extrapolating from small sections.
As demonstrated in multiple studies in mammals®-13, tissue clearing is typically performed
in sections or segments of intestine, which again is limited to extrapolation of enteric
neuronal numbers. Moreover, such studies may require more time-consuming and intensive
protocols with active clearing techniques or the use of other clearing agents which can
distort the natural anatomy and/or ablate endogenous fluorescencel?.
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During embryogenesis, enteric neurons arise from the vagal neural crest, and development
in zebrafish is generally stereotypical during these early time points. Determinants of final
body length in the adult, though, are multifactorial and include environmental conditions
such as population density, water quality, and diet'®. Body length correlates with intestinal
length, which suggests intestinal length may also be influenced by such factors. Our results
support a positive association between intestine length and total enteric neuron number

in vertebrates, which has not been directly demonstrated previously. If intestinal length
influences total enteric neuron number, it is unclear when or from which source these
additional neurons arise. Whole gut imaging can be leveraged to explore the potential of
enteric neurogenesis in post-embryonic stages.

In addition, given the simplicity of this technique, whole gut imaging facilitates higher-
throughput comparative quantitative analyses rather than descriptive studies consisting of a
few samples. If applied to models of gastrointestinal disease, this technique can also assess
if presumed enteric neuropathies indeed result in reduced numbers of neurons or neuronal
subtypes in the intestinal tract.

Lastly, our technique allows preservation of endogenous fluorescence and tissue structure
using a relatively simple method of tissue clearing which can aid studies of cellular
architecture of the enteric nervous system and associated cell types across the entire
intestine.
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Phox2b \ - s L o* ¢ n%-Phox2b

Figure 1: Optically cleared intestine preserves 3D structure and endogenous fluor escence to
reveal a dense neural network throughout the adult zebrafish intestine.

1A) An adult zebrafish intestine before and after optical clearing. After harvesting the
intestine, the connective tissue that maintains the organ in an S-shape configuration is further
dissected, leaving a straight conical structure. Application of a pipette tip prevents tissue
distortion during the fixation process (A). A cleared adult intestine within a 1 mL syringe
that has been mounted with low-melt agarose prepared in RIMS (A”). Although difficult to
visualize, the intestine (red arrow) is oriented longitudinally within the syringe.

1B) A two-dimensional projected image of the distal hindgut immunostained for HuC/D,
which recognizes neuronal nuclei, demonstrates distinct nuclei without cellular projections
(B). Arrowheads indicate representative nuclei at various Z-levels. Luminal view of the
intestine highlights the three-dimensional quality of the imaging methods (B’).
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1C) The final stitched image (two-dimensional projection of the Z-stack) of the entire
intestinal tube of an adult Phox2bkaede zebrafish, which marks enteric neurons. At this
magnification, it is not possible to discern individual neurons or their projections (C).

A close-up of the midgut, which is again a two-dimensional projection of the Z-stack,
reveals numerous neurons with dense projections spanning circumferentially as well as
longitudinally (C”). A longitudinal optical section through the tangential edge of the midgut
demonstrates the distribution of neurons in the intestine (C”).

Scale bar 100um
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Body length (cm)

Figure 2: Whole gut imaging with immunostaining ver sus HUC/D reveals varied density of
neuronswithin the intestine and proportional increase of total neuron number relative to
intestinal length.

Intestinal length (mm)

2A) Representative image of a segment of hindgut immunostained for HuC/D before (A)

and after (A’) automated cell counting.

2B) Cell counts within 300 um? revealed significantly higher densities of neurons in the

distal hindgut versus the proximal foregut (116.1 vs 63.80, p=0.0008).
2C and 2D) Manual and automated cell counts within 300 um?2 sample regions (N=10)

were not significantly different by T test analysis (p=0.9156) [Fig. 2C]. Agreement between
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automated and manual counts was further supported by Bland-Altman analysis, with all
measurements falling within the 95% limits of agreement (dotted lines) [Fig. 2D].

2E) A linear regression analysis of intestinal length vs body length (R2 = 0.50, p = 0.022),
with dotted lines representing the 95% confidence interval.

2F) A linear regression analysis of enteric neuron number versus intestinal length (R? =
0.74, p = 0.0014), with dotted lines representing the 95% confidence interval.

Scale bar 100um
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