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Abstract

To characterize fluorescent enteric neurons labeled for expression of cytoplasmic markers in zebrafish mutants,
we developed a new MATLAB-based program that can be trained by user input. We used the program to count
enteric neurons and to analyze co-expression of the neuronal marker, Elavl, and the neuronal subtype marker,
serotonin, in 3D confocal image stacks of dissected whole-mount zebrafish intestines. We quantified the entire
population of enteric neurons and the serotonergic subpopulation in specific regions of the intestines of gut-
wrencher mutant and wild-type sibling larvae. We show a marked decrease in enteric neurons in gutwrencher
mutants that is more severe at the caudal end of the intestine. We also show that gutwrencher mutants have the
same number of serotonin-positive enteroendocrine cells in the intestine as wild types.

Introduction

E AND OTHERS HAVE IDENTIFIED several mutant zebra-

fish lines that exhibit enteric nervous system (ENS)
defects and thus may serve as models of genetic diseases that
affect ENS function.' Understanding the roles of the mutant
genes requires quantitative expression analysis at several dif-
ferent developmental stages for a number of known cell iden-
tity markers, for example, neurotransmitters that distinguish
distinct types of enteric neurons.* The process of counting en-
teric neurons in these mutants is very time-consuming, espe-
cially if one relies on manual identification of cells in sectioned
animals, as we have done in the past.! We and many other
researchers have resorted to using cumbersome techniques
when attempting to quantify cells in sectioned tissue (for ex-
amples and discussion of some of these techniques, see™®).
Without these techniques, fragments of cells in multiple sec-
tions would quickly lead to erroneous results. Another ap-
proach is to count cells in three-dimensional (3D) confocal
image stacks from the entire organism or from the specific re-
gion of interest, in our case the intestinal tract. Although such
whole-mount techniques bypass many of the issues associated
with counting cells in sectioned material, determining cell
counts from stacks of confocal images poses other problems.
Here we describe analysis of the enteric nervous system of
gutwrencher’*®® (qwr) mutants using a new method we de-
veloped for computer-assisted quantification of cells in whole-
mount 3D confocal image stacks of dissected intestines.

gutwrencher”™ % (qwr) is a gene that appears to be pivotal
for proper ENS development.! Previous counts of enteric
neurons in sectioned gufwrencher mutant zebrafish larvae
revealed a 3.5-fold decrease in enteric neurons overall and a
6-fold decrease in the number of serotonin (5HT) positive
enteric neurons compared to wild types.' This observed de-
crease in enteric neurons has also been shown to correlate
with dysfunctional gut motility." To better characterize gwr
and other mutations that affect the enteric nervous system,
additional co-expression analyses must be done to show
whether all enteric neurons are affected equally, or whether
a mutation preferentially affects specific types of enteric
neurons.

We were unable to find counting programs that are ap-
propriate for quantifying enteric neurons in whole-mount
zebrafish intestines. Many programs used to quantify eu-
karyotic cell numbers, for example those described by Ober-
laender et al.” and DeCoster et al.® rely on images of nuclear
markers, which allow for straightforward image segmenta-
tion and watershed analysis algorithms to separate and
identify individual cells quickly. However, these programs
fail to separate cells with cytoplasmic labeling, such as those
we use here. There are also a number of programs (for ex-
amples, see °'!) that are capable of identifying and separating
clusters of cells, but only in two-dimensional images. Whole-
mount 3D image stacks of dissected larval zebrafish intestines
with neurons fluorescently labeled for cytoplasmic markers
are therefore inappropriate for either of these classes of
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programs. There may be other programs available that would
suit our purposes, however, we decided to generate a new
program that would be tailored to our specific needs. Here we
describe the new program we generated and show that it
accurately counts neurons labeled for expression of one or
two markers in 3D image stacks of dissected zebrafish intes-
tines. A feature of this program is that it can be trained by the
user, and thus could be adapted to count other types of
fluorescently-labeled cells in the intestine or other regions
of whole-mount zebrafish embryos or larvae. Our counts of
enteric neurons using this program reveal that even in wild
types there are significantly fewer enteric neurons at the
caudal end of the intestine than in the region of the mid-
intestine in young larvae, and that this difference is magnified
in gwr mutants. In addition, we provide counts of serotonergic
enteroendocrine cells in the larval zebrafish intestine, and
show that their numbers are similar in gwr mutant and wild-
type larvae.

Materials and Methods
Animals

Animals were reared at 28.5°C according to standard zeb-
rafish husbandry12 and staged by days postfertilization at
28.5°C (dpf).

Immunohistochemistry

Antibody staining for Elavl (1:10,000, Molecular Probes
Inc., Eugene, OR, catalog number A-21271) and 5HT (1:10,000,
Immunostar, Hudson, WI, catalog number 20080) was per-
formed at 5 dpf as previously described.* Secondary antigens
were visualized with standard fluorophore-labeled anti-
bodies for rabbit IgG (1:1,000, Molecular Probes Inc., catalog
number A-11008) and mouse IgG (1:1,000, Molecular Probes
Inc., catalog number A-11030). gwr mutants were separated
from wild-type siblings at 5 dpf according to morphological
characteristics.

Manual cell counting

After immunohistochemistry, intestines were dissected
and mounted in PBS on a cover slip. Z-stacks were acquired
on a Zeiss LSM 5 Pascal confocal microscope and sub-
sequently projections were made with the y-axis as turning
axis, 180° projections and difference angle 2° using LSM 5
Pascal imaging software (see Supplementary Movie S1; Sup-
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FIG. 1. A representative 5dpf wild-type larva showing the
mid-intestine and vent regions where enteric neurons and
enteroendocrine cells were counted.
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plementary Data are available online at www.liebertpub
.com/zeb). Counts of labeled cells were made at the level of
the mid-intestine and the level of the vent (Fig. 1). In vent
images, only the most aboral 200 ym were analyzed. In mid-
intestine images, we examined a 200 um region from the top of
each image. We counted Elavl positive, Elavl and 5HT double
positive, and 5HT positive cells, rotating the projections to
ensure that we counted all cells. Counts are taken from five
wild types and five mutants.

Image segmentation and denoising algorithm

We identified fluorescence channels within each image as
having either relatively high or low levels of background,
corresponding in our case to 488 nm (5HT; Alexa Fluor 488)
and 546 nm (Elavl; Alexa Fluor 546) channels, respectively.
We processed each image channel separately, based on the
wavelength being visualized (Fig. 2A). To reduce image noise
and blurring, a pixelwise adaptive Wiener filter based on
statistics estimated from a local 10-pixel neighborhood of each
pixel was applied to each 2D matrix (Fig. 2B).'* These matrices
corresponded to a single z-stack channel within a 3D confocal
image.

We thresholded each image channel using an automated
determination of the threshold level'*!® (Fig. 2C). Clusters of
less than 100 pixels, corresponding to noise or background
signal, were deleted from both binary image channels (Fig.
2D). To merge punctate pixel clusters in the 488 nm channel,
morphological opening and closing operations were per-
formed. We found these morphological operations to be

FIG. 2. The algorithm presented here is capable of prop-
erly segmenting images of dissected whole-mount zebrafish
intestines. (A) Maximum intensity projection of dissected,
whole-mount, wild-type mid-intestine labeled with anti-
Elavl antibody. (B) Maximum intensity projection of A
after deblurring with Wiener filter. (C) Maximum intensity
projection of output from Otsu’s N-thresholding algorithm
applied to B. (D) Maximum intensity projection of C after
removal of all small pixel clusters. Scale bar=25 um.
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unnecessary in the 546 nm channel, because there was rela-
tively low noise and clear labeling of complete cells in the
546 nm binary image compared to images from the 488 nm
channel. Then, in both channels, morphological erosion was
performed if any pixel clusters exceed six-times the volume of
a single stereotyped ENS cell, or if more than 1,000 clusters
remained, as these qualities indicate remaining noise or
background signal in the binary images. The cells being an-
alyzed have stereotyped sizes, thus, pixel clusters do not need
to be separated to the point of containing only one cell, as
cluster characteristics can be used to find the number of cells
within a pixel cluster.

Cell type identification and co-expression
analysis algorithm

We identified relevant cell types through analysis of binary
images corresponding to individual channels from raw con-
focal images (Fig. 3A). All pixel clusters corresponding to
enteric neurons were revealed by the 546 nm binary image
(Fig. 3B). We constructed an image (C) consisting of pixels that
co-localized in both the 488 nm and 546 nm binary images
such that

C=SAE

where S is the set of all pixels clusters in the 488 nm (5HT)
binary image, E is the set of all pixel clusters in the 546 nm
(Elavl) binary image, and A represents the operation of
identifying all pixels that located at the same coordinates
in each image (Fig. 3D). To identify clusters that were unique
to the 546 nm channel, we constructed a binary image (S)
such that

§=S-C

where all co-localized pixel clusters were removed from
the 488nm (5HT) binary image (Fig. 3C). Relevant cell
types were thereby represented by binary images E, C,
and S’, corresponding to enteric neurons, serotonergic
neurons, and serotonergic enteroendocrine cells, respec-
tively (Fig. 3B-D).

Cell cluster estimation and counting algorithm

We cropped raw and binary images to a region of interest
(Fig. 4A and B). We then individually examined each pixel
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FIG. 3. LsmNoDesktopSegment is capable of identifying
relevant cell types without user input. (A) Maximum inten-
sity projection of dissected, whole-mount, wild-type intestine
at the level of the vent labeled with anti-Elavl (green) and
anti-5HT (magenta) antibodies. (B) Binary image of all Elavl
labeling revealing all enteric neurons shown in A. (C) Binary
image of 5HT-positive clusters that do not co-localize with
pixels in B, thus revealing only the serotonergic
enteroendocrine cells seen in A. (D) Binary image of 5HT-
positive clusters that contain pixels from B, which corre-
sponds to serotonergic enteric neurons shown in A. (B-D)
Images contain small artifacts that were later ignored during
the counting process, allowing only true cells to be counted.
Asterisk, nonserotonergic neuron (SHT, Elavl"); arrowhead,
serotonergic neuron (SHT™, Elavl"); arrow, serotonergic en-
teroendocrine cell (5HT™, Elavl). Aboral end of the vent is
visible at the fop of the image. Scale bar=25 um.

cluster using the binary image as a colored mask over the
appropriate raw image. We viewed maximum intensity
projections of only the image layers where the cluster of
interest appeared. The cluster in question was given a red
color, while all other visible clusters were colored blue
(Fig. 4C).

FIG. 4. The algorithm presented here allows for identification of imaged cells within a specified region of interest. (A)
Maximum intensity projection of dissected, whole-mount, wild-type mid-intestine labeled with anti-Elavl antibody. (B)
Maximum intensity projection of cropped binary image corresponding to A. (C) Composite image using colorized B masking
A projected through layers where the red cluster of interest occurs.
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Data from previous analyses greatly informed the cluster size
estimation and counting processes, because of the stereotyped
size of cells being analyzed. If no previous cluster data was
loaded, clusters were initially assumed to be single cells. If we
loaded data from a previous analysis, we then approximated
the probability of a given cluster being a single cell, or up to
four closely joined cells. This estimation was made possible by
comparing characteristics for each pixel cluster to character-
istics of clusters containing different numbers of cells that had
been previously processed. We automatically ignored any
pixel clusters that were smaller than 85% of the smallest
previously encountered cluster that we had identified as a
cell. In addition, we ignored clusters if the raw image intensity
in that region was lower than 75% of the least intense previ-
ously encountered cluster that we previously identified as a
cell. We examined each cluster for its volume, maximum
cross-sectional area, bounding box volume, and 2D bounding
box area, as these four simple criteria accurately stratified
clusters into one- through four-cell groups. For each cluster,
we performed a z-test for each of these criteria, using data
from previous analyses as reference distributions. The z-test
probability (z) is given by

NG

where x is the sample cluster value for a given character-
istic, p is the mean characteristic value for a given cluster
size population, ¢ is the standard deviation of this popu-
lation, and # is the population size. We then compared the
products (p) of all z-test probabilities for each possible
cluster size

4
pi=11z
j=1

where z; is the z-test probability with the value of j referring
to either cluster volume, maximum cross-sectional area,
bounding box volume, or 2D bounding box area, and the
value of i referring to the putative number of cells in a
cluster.

The maximum value of p, corresponding with the most
probable identity, became our initial guess (P) such that

P = maxp;

where p; is the z-test probability product for a given cluster
size. We then either approved or denied the accuracy of P for
each cluster. After all clusters were evaluated, we retrieved
cell counts by calculating the sum of each cluster type for each
binary image. Cluster data for each analysis is also saved and
appended to previous cluster datasets, to assist with further
analyses.

Computer-assisted cell counting

Computer-assisted cell counts were taken from the same z-
stacks used for manual cell counting. All of the programs
described in this article were written in MATLAB(v2012a).
The computer-assisted cell counting programs described in
this paper are available for download at: http://uoneuro
.uoregon.edu/eisen/
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Hardware and software

All programs were successfully tested on Windows 7 64-bit
and Ubuntu 12.04 LTS laptop computers with Intel core i5-
m430 processors and 4GB RAM in MATLAB(v2012a). Images
were also processed on Linux supercomputer nodes featuring
12-core CPUs and 72GB RAM, running MATLAB(v2011b).

Different intestinal cell types can be accurately
identified and counted by the new program

The LsmNoDesktopSegment program is able to rapidly
and properly segment an entire directory of images with no
user input necessary (Fig. 5). By implementing Otsu’s image
segmentation algorithm'#'® and simple binary image pro-
cessing techniques, cells with fluorescent cytoplasmic labeling
are separated from the background. LsmNoDesktopSegment
is also capable of revealing specific cell types by comparing
the segmented images for each fluorescent label (Fig. 5). All
ENS neurons are Elavl positive,® thus the Elavl and 5HT
double positive cells are ENS neurons. The cells positive for
only 5HT have previously been shown to be a subset of en-
teroendocrine cells in the intestinal epithelium.'® By simply
identifying the marker shown in a given image channel,
LsmNoDesktopSegment is capable of identifying these rele-
vant cell types. All cell-like clusters of pixels in the Elavl bi-
nary image are identified as neurons, and then connected
pixel clusters in the 5HT binary image are segregated by the
presence or absence of co-localization with Elavl pixels.

FIG. 5. Segmentation of image stacks reveals isolated cells
in dissected, whole-mount, zebrafish intestines. (A) Max-
imum intensity projection of dissected, whole-mount, wild-
type mid-intestine labeled with anti-Elavl antibody. (B)
Maximum intensity projection of the binary image stack
produced by Otsu’s N-thresholding algorithm applied to A.
(C) Maximum intensity projection of whole-mount gut-
wrencher mid-intestine labeled with anti-Elavl antibody. (D)
Maximum intensity projection of the binary image stack
produced by Otsu’s N-thresholding algorithm applied to C.
Scale bar=25 um.
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Ultimately, binary images for all neurons (Fig. 3B), en-
teroendocrine cells (Fig. 3C), and 5HT-positive neurons (Fig.
3D) are produced. These cell type-specific images are then
passed to the LsmCounter program, where pixel clusters are
finally identified as either cells, groups of cells, or background
signal.

LsmCounter saves descriptive data of each cell and cell
cluster that it successfully counts, and these data can then be
used to identify cells more efficiently. During the initial op-
eration of LsmCounter, the false detection rate of cells is high,
varying with the complexity of an image. On an initial run of
the image presented in Figure 3A, approximately 33% of de-
tections were correct, however analyzing the image with data
from only one previous run raised the correct detection rate to
65%. In both cases, the final output counts were the same due
to user guidance. During the initial run, the user effectively
trains the program by indicating which pixel clusters are not
cells. In subsequent rounds of analysis, LsmCounter ignores
any pixel clusters of a size that is below a threshold deter-
mined by the smallest user-defined cell that was previously
encountered. However, LsmCounter is designed to err on the
side of false positives rather than false negatives, so that no
real cells are missed, and because the user is always easily
capable of denying a detection event.

Results

The new program accurately identified and counted
cytoplasmically-labeled cells

To be useful, our new program must be able to count
cytoplasmically-labeled enteric neurons rapidly and accu-
rately. To learn whether this was the case, we compared
manual counts of enteric neurons from 3D confocal image
stacks of dissected intestines with counts made by our new
program. We found no statistical differences between the
numbers of labeled cells detected by either manual or com-
puterized means (Table 1 and Fig. 6). On average, manual and
computer-assisted cell counts differed by less than one cell.
Relative differences between cell count means from the two
different counting methods did not differ significantly
(p>> 0.05), as determined by two-tailed unpaired Student’s

TaBLE 1. MANUAL AND COMPUTER-ASSISTED CELL
CounTs ARE NOT STATISTICALLY DIFFERENT

Manually LsmCounter

counted cells output
Intestinal Relative  p
region Mean Std. dev. Mean Std. dev. difference value

Wild-type mid-intestine

All neurons 102.8 14.7 98.6 14.0 —-42 0.655

5HT neurons 6.0 2.3 6.4 2.7 0.4 0.809

EE cells 9.6 7.9 8.8 7.2 -0.8 0.871
Wild-type vent

All neurons  65.0 10.0 66.8 10.1 1.8 0.784

5HT neurons 1.6 0.5 1.8 0.8 0.2 0.667

EE cells 104 5.3 94 4.9 -1.0 0.766

Cell counts were performed on 200um lengths of dissected
intestine. 5HT-positive, Elavl-negative cells were counted as enter-
oendocrine cells (EE cells). Relative difference refers to the arithmetic
difference between mean cell counts. P values were calculated via
two-tailed unpaired Student’s f-test. The overall mean relative
difference is —0.6 cells. Abbreviations: Std.Dev., standard deviation.
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FIG. 6. The data for the wild-type mid-intestine in Table 1
are replotted here to show the high degree of correspondence
between manual counts and computer-assisted counts. Each
symbol represents an individual animal and the bars represent
the mean. Variability between animals is discussed in the text.

t-test. We also found that LsmNoDesktopSegment counted
cells much faster than they could be counted manually.
Whereas manual counting takes approximately 5 minutes per
dissected intestine for a researcher experienced in this meth-
od, LsmNoDesktopSegment can count the dissected intestine
in 30 seconds or less when run on a standard laptop computer.

gutwrencher mutants have fewer enteric neurons
than wild types and this phenotype is more
severe in the caudal intestine

The enteric neuron population of 5 dpf gutwrencher mutants
is dramatically lower than that of wild-type siblings, with a
greater difference in the vent than in the mid-intestine (Table
2). 5 dpf gutwrencher mutants exhibit nearly a 10-fold decrease
of mid-intestine enteric neurons and a 6.4-fold decrease in
5HT-positive enteric neurons relative to their wild-type sib-
lings. In the vent region, these differences are higher, with an
over 50-fold decrease in enteric neurons in gutwrencher mu-
tants and a complete absence of 5HT-positive enteric neurons.
All of these observed trends are statistically significant, as
determined by two-tailed unpaired Student’s ¢-test (p <0.05).

In both 5dpf wild types and gutwrencher mutants, enteric
neuron populations differ significantly along the length of the
intestine (Table 3). Wild types exhibit a 1.5-fold reduction of
enteric neurons in the vent region compared to the mid-
intestine, and a roughly 3.6-fold decrease in 5SHT-positive
enteric neurons. In gutwrencher mutants, this reduction is ex-
aggerated to an 8.7-fold reduction of enteric neurons and a
complete lack of 5HT-positive neurons in the vent region.

Enteroendocrine populations appear constant
along the intestine and do not differ between
wild types and gutwrencher mutants

Enteroendocrine cell numbers do not differ significantly in
any of our analyses. When gutwrencher mutants were
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TABLE 2. GUTWRENCHER MUTANTS HAVE FEWER ENTERIC NEURONS THAN WILD-TYPE SIBLINGS

Mean cell counts

Fold change (p value)

Intestinal region Genotype All neurons ~ 5HT neurons EE cells All neurons S5HT neurons EE cells

Mid-intestine Wild-type 98.6 6.4 8.8 9.5 (1.2¢°) 6.4 (0.006) 1.0 (0.959)
gutwrencher 10.4 1.0 8.6

Vent Wild-type 66.8 1.8 9.4 56 (5.8¢”7)  undef. (0.001) 1.3 (0.665)
gutwrencher 1.2 0.0 7.4

Cell counts were performed on 200 um lengths of dissected intestine. 5HT-positive, Elavl-negative cells were counted as enteroendocrine
cells (EE cells). P values were calculated via two-tailed unpaired Student’s t-test. Undef. represents the undefined value of any value divided

by zero.

compared to wild-type siblings, we saw no change in mid-
intestine enteroendocrine cells and a 1.3 fold change in the vent
region that is not statistically significant (Table 2). We also did
not observe any significant differences between serotonergic
enteroendocrine cell populations in the mid-intestine and vent
regions of wild-type or qutwrencher mutant larvae (Table 3).

Discussion

We generated a new MATLAB-based program that en-
abled us to compare the number of cytoplasmically-labeled
fluorescent enteric neurons in different intestinal regions and
between wild types and mutants. The LsmNoDesktopSeg-
ment program is capable of rapidly processing 3D images of
whole mount zebrafish intestines and LsmCounter is capable
of assisting the user in quantifying the number of cells with a
given label. Image processing with LsmNoDesktopSegment
requires up to 30 seconds per image file when run on a stan-
dard laptop computer, and is easily capable of being run on a
distributed computing network for even faster processing.
The semi-guided nature of the LsmCounter program allows
for oversight over the cell counting process, which means that
the runtime is dictated by the researcher, image quality, and
the number of pixel clusters in each binary image. The entire
computer-assisted counting process typically requires less
than 4 minutes per image stack, for a user familiar with the
software. The cell counting algorithm presented here is also
capable of assessing pixel clusters and estimating the number
of cells in an image in approximately 30 seconds per image,
though with reduced accuracy, due to the lack of user
correction. Also, researchers may be reluctant to adopt fully-
automated cell counting software due to a lack of transpar-
ency in the counting process, so we choose to maintain user
oversight in the counting process, and thereby maintain
maximum confidence in the cell counts produced.

TABLE 3. GUTWRENCHER MUTANTS EXHIBIT MORE DRAMATIC
RepuctioN oF ENTERIC NEURONS IN VENT VERSUS
MiD-INTESTINE, COMPARED TO WILD-TYPE SIBLINGS

Fold change (p value)

Genotype All neurons 5HT neurons EE cells
Wild-type 1.5 (0.003) 3.6 (0.007) 1.1 (0.882)
gutwrencher 8.7 (0.014) undef. (0.233) 1.2 (0.789)

Mean cell counts are presented in Table 2. P values were
calculated via two-tailed unpaired Student’s t-test. Undef. represents
the undefined value of any value divided by zero.

In the process of characterizing intestinal 5HT and Elavl
expression with LsmCounter, we demonstrated that the pro-
gram is not limited to counting enteric neurons. Cells in the
zebrafish intestine that express 5SHT but do not express Elavl
have previously been identified as enteroendocrine cells of the
intestinal epithelium.'®'” Therefore, by simply subtracting the
number of 5HT and Elavl co-expressing cells from the total
5HT-positive cells in a given image stack, we quantified sero-
tonergic enteroendocrine cells in the mid-intestine and vent of
wild types and gutwrencher mutant zebrafish (Fig. 3).

The techniques described here are likely to be easily
adapted for DIC microscopy images. Because the image seg-
mentation mechanics of LsmNoDesktopSegment simply re-
quire regions of high contrast, fluorescent images are
unnecessary. LsmCounter tracks and counts objects that are
brighter than the background, but this aspect of the program
could be changed easily. Alternatively, inverted DIC images
could be processed as fluorescent images.

Our results appear to suggest that the phenotype of gut-
wrencher mutants is more dramatic than was initially appre-
ciated. gutwrencher mutants were previously described as
exhibiting 3.5-fold fewer enteric neurons and 6-fold fewer
5HT-positive enteric neurons.’ Here we describe a similar 6.4-
fold decrease in 5HT-positive enteric neurons, but total enteric
neurons appear to be nearly 9.5-fold fewer in the mid-
intestine and over 50-fold fewer in the vent of gutwrencher
mutants (Table 2). Several circumstances may contribute to
differences between the fold change of enteric neurons pre-
sented here and those previously described. In the current
analysis, dissected whole-mount intestines of 5dpf larvae
were examined, whereas previous cell counts were performed
on 4 dpf sectioned larvae, counted in alternating sections to
prevent double counting.' Enteric neurons are differentiating
through this stage of development, thus our results suggest
that the gutwrencher mutation affects differentiation of enteric
neurons in the mid-intestine. Future studies will address
whether this results from decreased proliferation of enteric
progenitors. Our studies also raise the possibility that gut-
wrencher affects migration of enteric progenitors, because we
see significantly fewer neurons at the caudal end of the in-
testine than in the mid-intestine. However, this could also
result from depletion of the progenitor pool, something we
can address in future studies.

Our results provide evidence that the serotonergic
enteroendocrine population of gutwrencher mutants and wild-
type siblings do not differ significantly (Table 2). Further-
more, serotonergic enteroendocrine cell numbers appear to
remain constant between the mid-intestine and vent region
(Table 3). The population of serotonergic enteroendocrine
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cells in 5dpf wild types has previously been described as
ranging from 10 to 18 cells in a 3 somite length region of the
intestine immediately rostral to the vent,'® which translates to
about 3-5 serotonergic enteroendocrine cells per 100 um of
intestinal length. Our numbers are very similar, at 3.7-4.7
serotonergic enteroendocrine cells per 100 um of intestinal
length. These results suggest that gutwrencher mutant
phenotype does not affect the population of serotonergic
enteroendocrine cells, further supporting the idea that
gutwrencher’*® is an ENS-specific gene. A caveat of this
conclusion is that our results do not show whether other
subpopulations of enteroendocrine cells are affected, nor do
they rule out the possibility that enteroendocrine cell fate is
altered. These questions can be addressed in future experi-
ments designed to examine enteroendocrine cells in more
detail in both wild types and gutwrencher mutants.

A possible limitation for furthering our understanding of
enteric mutant phenotypes is that cells cannot easily be
counted in the anterior intestine. This is not because our
program cannot handle the counting, but rather because the
tissue architecture prevents sufficient resolution on our con-
focal microscope. However, other microscopy methods, such
as light sheet microscopy,'® should be able to solve this
problem.

A striking observation was the variability in the number of
specific types of enteric cells, even for animals of the same
genotype. This is graphically illustrated in Figure 6. We be-
lieve that this variability is real, because we and others have
found similar variability in the numbers of enteric neurons,!
the numbers of serotonin-positive enteric neuron,’ the num-
bers of serotonin-positive enteroendocrine cells,*® and the
numbers of goblet cells,'® whether these cells were counted in
whole mount or in sections. This variability calls into question
the sensitivity of any counting method for detecting subtle
phenotypic differences between wild types and mutants. For
example, screening for enteric neuron mutants using a ste-
reomicroscope, as in our initial screen,! would likely overlook
mutants with very slight decreases in enteric neurons. In any
case, as in other situations in which there is variability, in-
creasing the number of animals should provide more sensi-
tivity in detection of subtle phenotypes.
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