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21 SUMMARY:
22 Multiplex in situ hybridization (ISH) was employed to simultaneously visualize the transcripts for
23  two G protein-coupled receptors and one transcription factor in the entire vagal ganglionic
24  complex of the adult mouse. This protocol could be used to generate accurate maps of the
25  transcriptional profiles of vagal afferent neurons.
26
27  ABSTRACT:
28  This study describes a protocol for the multiplex in situ hybridization (ISH) of the mouse jugular-
29 nodose ganglia, with a particular emphasis on detecting the expression of G protein-coupled
30 receptors (GPCRs). Formalin-fixed jugular-nodose ganglia were processed with the RNAscope
31 technology to simultaneously detect the expression of two representative GPCRs
32  (cholecystokinin and ghrelin receptors) in combination with one marker gene of either nodose
33  (paired-like homeobox 2b, Phox2b) or jugular afferent neurons (PR domain zinc finger protein
34 12, Prdm12). Labeled ganglia were imaged using confocal microscopy to determine the
35 distribution and expression patterns of the aforementioned transcripts. Briefly, Phox2b afferent
36 neurons were found to abundantly express the cholecystokinin receptor (Ccklr) but not the
37 ghrelin receptor (Ghsr). A small subset of Prdm12 afferent neurons was also found to express
38 Ghsr and/or Ccklr. Potential technical caveats in the design, processing, and interpretation of
39  multiplex ISH are discussed. The approach described in this article may help scientists in
40 generating accurate maps of the transcriptional profiles of vagal afferent neurons.
41
42  INTRODUCTION:
43  The cell bodies of vagal afferents are contained in the jugular, petrosal, and nodose ganglia’3.
44  Their axons travel together via several branches of the vagus nerve to craniocervical, thoracic,
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and abdominal territories*’. From their visceral endings, vagal afferents can respond to a wide
range of physiological and noxious stimuli®1°, However, the distribution of signaling molecules
and receptors involved in vagal sensing remains poorly characterized. This is partly because the
vagal ganglia, in spite of their small size, express a broad spectrum of receptors, including a large
number of GPCRs®113, Moreover, vagal afferent neurons are inherently heterogeneous and
display distinct molecular profiles'*. To complicate the matter, the jugular, petrosal, and nodose
ganglia are attached in the mouse, thereby forming a single ganglionic mass. Lastly, in a subset
of animals, the nodose ganglion is attached to the sympathetic superior cervical ganglion®.

In the past, investigators have turned to immunohistochemistry to study the neurochemical
make-up of vagal afferent neurons'®!® While immunohistochemistry using validated antibodies
is useful, the results of immunohistochemical studies must be interpreted with caution. For
example, numerous efforts to identify specific antibodies against GPCRs have failed®?%, leading
investigators to conclude that the majority of antibodies against GPCRs are unreliable. To
circumvent these issues, quantitative PCR (qPCR) has been widely used for assessing gene
expression in the rodent vagal ganglionic mass?%2°. However, examining gene expression using
gPCR occurs at the cost of a loss of spatial information. In particular, it cannot be predicted how
many cells or what cell type(s) express a particular gene of interest (e.g., nodose vs. jugular cells).
Recurring issues also include the contamination with adjacent tissues and the inclusion of
variable lengths of the vagus nerve, superior cervical, and jugular ganglia during dissection'®. As
a result of the above difficulties, controversy surrounds the expression and distribution of several
GPCRs in vagal afferent neurons. One particularly puzzling example relates to the ghrelin receptor
(Ghsr). Whereas some studies have found widespread expression of this receptor in vagal
afferent neurons30-32, others have found Ghsr mRNA to be nearly undetectable in the nodose
ganglion14, Detailed mapping of Ghsr mRNA in the vagal ganglionic mass is therefore
warranted.

In situ hybridization (ISH) has also been used to assess gene expression patterns in the vagal
ganglionic mass”1%1233-35 Because RNA-based techniques remain more reliable and specific than
antibody-based techniques under most circumstances3®3’, ISH studies have proven valuable for
better understanding of the neurochemical coding of vagal afferent neurons. Nonetheless,
traditional ISH techniques themselves are not without caveats. Radioactive ISH is sensitive but
generates background and remains cumbersome3®. Non-radioactive ISH is less complicated but
also less sensitive®. In contrast, the recently developed RNAscope ISH method is highly sensitive
and generates minimal background3®. The current study applied multiplex fluorescent RNAscope
to the detection of GPCRs in vagal afferent neurons of the mouse. We focused on mapping the
distribution of Ghsr and compared its distribution to that of the cholecystokinin receptor (Cck1r),
another GPCR well known to be expressed in the nodose ganglion3*. Lastly, the two transcription
factors, paired-like homeobox 2b (Phox2b) and PR domain zinc finger protein 12 (Prdm12), were
used as selective markers for nodose and jugular afferent neurons, respectively'*. Without
visualizing Phox2b or Prdm12, it would be challenging to identify jugular vs. nodose afferents
with certainty. Potential technical pitfalls are also discussed throughout the article.

PROTOCOL:
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NOTE: Mice used in this study were wild-type males on a pure C57BL/6J background. A total of 4
mice were used for multiplex ISH. All mice were approximately 8 weeks old at the time of
sacrifice. One male mouse (approximately one-year-old) was also used to demonstrate
endogenous fluorescence associated with aging. Animals were housed in ventilated cages within
a barrier facility with ad libitum access to food and water. The UT Southwestern Medical Center
Institutional Animal Care and Use Committee reviewed and approved the procedures described
below. Details about reagents and tools can be found in the Table of Materials.

1. Sample collection

1.1. Onthe day of sacrifice, administer an overdose of chloral hydrate (500 mg/kg, i.p.) to the
mice. Perfuse the deeply anesthetized mice transcardially using a peristaltic pump with 5 mL of
1x phosphate-buffered saline (PBS) followed by 50 mL of 10% formalin at room temperature.

NOTE: This is done in a fume hood to prevent inhalation of formalin.

1.2. Asthe nodose, petrosal, and jugular ganglia are fused to form a single ganglionic mass in
the mouse?®>, carefully collect the entire vagal ganglionic mass from each side (left and right) with
the help of a dissecting scope and fine spring scissors and forceps (see the Table of Materials).

1.3.  When decapitating the mouse with a pair of large scissors (see the Table of Materials),
avoid crushing the brainstem.

1.4.  Following a dissection approach described before in the rat*, remove the sternohyoid
and omohyoid muscles lateral to the trachea with small forceps (Table of Materials) to expose
the occipital bone. Clear the whole region of muscle, adipose tissue, and conjunctive tissue until
the carotid artery, vagus nerve, the hypoglossal nerve, and foramen magnum are visible. Cut the
entire hypoglossal nerve with small spring scissors (Table of Materials).

1.5.  Lookforthe nodose ganglion as a translucent mass close to the foramen magnum?°. Using
small scissors (Table of Materials), carefully break the occipital bone to further expose the jugular
ganglion. Look for black melanocytes at the surface of the jugular as a visual landmark.

1.6. Cut nerve attachments between the vagal ganglionic mass and extract the whole
ganglionic mass by gently pulling on the peripheral end of the vagus nerve while simultaneously
cutting the jugular ganglion towards the brainstem with small spring scissors (Table of Materials).

1.7. Remove the conjunctive tissue and fat sticking to the vagus nerve and ganglionic mass as
much as possible.

1.8. Asitiseasyto lose one ganglion during the transfer from one tube to the other, keep ~0.5
cm of the vagus nerve to facilitate handling and localization of samples.
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1.9. Place ganglia with the help of fine forceps in 1.5 mL microcentrifuge tubes and incubate
at 4 °Cin formalin for 24 h and with 30% sucrose for another 24 h.

1.10. Position ganglia inside a small drop (¥4 mm @) of optimum cutting temperature (OCT)
medium on a piece of aluminum foil. Next, freeze the sample on a bed of dry ice.

1.11. Cut the samples with a cryostat at -20 °C into sections of 14 um thickness and collect on
glass microscope slides as 3 series 42 um apart.

NOTE: Avoid placing sections close to the edges of the slide. To save reagents, keep the tissue
sections as tightly packed as possible but without overlapping.

1.12. Store the samplesin a -80 °C freezer until needed for ISH for at least 6 months.
NOTE: Refer to Figure 1 for troubleshooting for endogenous fluorescence.
2. Pretreatment and ISH

2.1. Before the day of the experiments, autoclave laboratory glassware to be used for ISH,
including staining dishes and washing buffer jars.

NOTE: While working under RNase-free conditions is not critical, wear gloves at all times. Keep
RNase decontamination solution bottles (Table of Materials) within reach in case contamination
is suspected.

2.2.  On the first day, bring the slides to room temperature on a bench specifically dedicated
to ISH. Rinse the slides in 1x PBS and bake them for 30 mins at 60 °C in a baking oven (Table of
Materials).

2.3.  Post-fix the slides in 4% formalin for 15 min at 4 °C.

2.4.  Bring the reagents in the multiplex kit (Table of Materials) to room temperature.

2.5. Dehydrate the slides in 50%, 70%, and 100% ethanol for 5 min each. Apply H20 solution
to the samples for 10 min and then rinse in double-distilled water (ddH,0).

2.6.  Treat the samples with the target retrieval reagent for 5 min, rinse in ddH,0 followed by
100% ethanol, and air-dry. Using a hydrophobic pen, create a barrier around the samples.

NOTE: Do not apply the hydrophobic barrier too close to the tissue sections.

2.7. Apply protease for 30 min at 40 °C in a hybridization oven (Table of Materials).
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2.8. Inthe meantime, prewarm the probes at 40 °C and cool them at room temperature before
use. Incubate the slides with the desired combination of target probes (Cck1r-C3, Ghsr-C1,
Phox2b-C2; or Cck1r-C3, Ghsr-C1, Prdm12-C2) for 2 h at 40 °C in a hybridization oven.

2.9. Incubate negative control tissue with the dihydrodipicolinate reductase (DapB) target C1
probe for 2 h at 40 °C in a hybridization oven.

2.10. Rinse the slides in wash buffer and store overnight in 5x saline sodium citrate (SSC) at
room temperature. For convenience, split the experiment into two days. On the following day,
rinse the slides with wash buffer and incubate them with amplification reagents listed below (see
the user manual in Table of Materials).

2.11. Apply AMP1 (30 min at 40 °C), AMP2 (30 min at 40 °C), and AMP 3 (15 min at 40 °C). Rinse
in wash buffer between each step.

2.12. Dissolve each Opal dye (Table of Materials) in dimethyl sulfoxide and store the solutions
at 4 °C until needed.

2.13. For channel 1, incubate the slides with HRP-C1 (15 min at 40 °C) and Opal 520 (green
color; dilution 1/1,500; 30 mins at 40°C). Rinse in wash buffer between each step.

2.14. For channel 2, incubate the slides with HRP-C2 (15 min at 40 °C) and Opal 570 (yellow
color; dilution 1/1,500; for 30 min at 40 °C). Rinse in wash buffer between each step.

2.15. For channel 3, incubate the slides with HRP-C3 (15 min at 40 °C) and Opal 690 (far red
color; dilution 1/1,500; for 30 min at 40 °C). Rinse in wash buffer between each step.

2.16. Wash the slides and expose them to 4',6-diamidino-2-phenylindole (DAPI) for 30 s.

2.17. Immediately apply mounting medium on each slide and place a coverslip over the tissue
section.

2.18. Keep the tissues horizontal in a slide holder at 4 °C until imaging.
3. Microscopy and data analysis

NOTE: Multiplex ISH data can be imaged with a wide range of instruments with the appropriate
filters. However, a preferred imaging method is confocal microscopy with 20x and 63x (oil)
objectives; refer to the discussion for the reasons. Refer to Figure 2 for the determination of the
optimal signal-to-noise ratio.

3.1. Use a confocal microscope equipped with 488, 561, and 633 nm laser lines. Use the
following acquisition parameters (see Table 1): Opal 690 (HeNe 633 nm, detection range 668—
696 nm, power 2.0, gain 724); Opal 570 (DPSS laser 561 nm, detection range 579-627 nm, <power
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15.0, <gain 450); Opal 520 (argon laser 488 nm, detection range 499-535 nm , <power 6.0, <gain
830); DAPI (diode laser 405, detection range 415-502 nm, <power 12.0, <gain 532).

3.2. Toimprove the quality of the images, acquire with a line averaging of 4 and a pixel size of
at least 1024 x 1024.

NOTE: The above parameters are only provided as an example, and modifications are
recommended depending on one instrument, magnification (20x or 63x), expression levels, and
endogenous levels of fluorescence for any given tissue.

3.3.  Once satisfied with the acquisition parameters, collect images using the same settings.
Attribute false colors to each channel to facilitate visualization.

NOTE: For example, red (Phox2b or Prdm12), cyan (Ccklr), yellow (Ghsr), and grey (DAPI).

3.4. Perform cell counting using the digital images by identifying the outline of RNAscope-
positive profiles with one nucleus lightly stained with DAPI. Calculate the percentage of
RNAscope-positive profiles expressing each transcript [Figure 3A—C].

3.5. Toimprove the rigor and accuracy of the estimates, count at least 2,000 neuronal profiles
from at least 4 different animals. Perform counting from left and right ganglia separately.

3.6. Input the data in a pie chart with the total number of counted profiles.

3.7. Use imaging software to acquire images and stitch together 20x images. Use Imagel-Fiji
and another photo and design software to generate the final plates. Apply adjustments to
contrast and lightness uniformly to all images.

REPRESENTATIVE RESULTS:

While RNAScope can be applied to animals of any age, sex, or genetic background, it is advisable
to work with young adults (<3 months old). This is because fluorescent artifacts (e.g., lipofuscin)
are common findings in neurons of older animals®'. The formalin-fixed ganglia from older mice
often contain surprisingly intense endogenous fluorescence that can easily be mistaken for
genuine staining (Figure 1A,B). In any case, it is advisable to verify the levels of endogenous
fluorescence in the tissue before processing.

It is important to determine optimal acquisition parameters and signal-to-noise ratio for each
laser and magnification using sections from a negative control tissue incubated with the DapB
negative probe as shown in Figure 2A,B. Because DapB is a prokaryotic gene, RNAscope signals
should be completely absent from the negative control tissue. Aside from occasional debris and
crystals, negligible fluorescence is seen in images from negative control tissues, provided the
acquisition parameters are used are appropriate. However, above a certain laser power and gain,
unwanted background and random fluorescent dots start appearing (Figure 2C). Another
purpose of minimizing laser power is to avoid pixel saturation and photobleaching. No major
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issues of fluorescence bleaching were observed when working with the above parameters. If such
an issue may arise, it is advisable to cover the tissue with a mounting medium for fluorescently
labeled cells (Table of Materials) in addition to lowering the laser power as much as possible (see
the recommended parameters in Table 1).

The RNAscope technique was applied for the detection of 3 genes in tissue sections of the vagal
ganglionic mass of the mouse (Figure 3 and Figure 4). One profile was considered positive for
Ghsr and/or Ccklr when yellow and/or cyan dots, respectively, were seen overlaying one profile
filled with red dots (Figure 3A—C). The example given in Figure 3 shows many profiles containing
both Phox2b and Ccklr transcripts (Figure 3D). Phox2b was used to identify nodose afferent
neurons. Abundant Phox2b signals accumulated in the neurons of the nodose ganglion (Figure
4A,B). Ccklr signals were detected in approximately 52% of Phox2b cells (Figure 4C). Of note,
expression levels for Ccklr greatly varied between cells, ranging from moderate (~20 dots per
profile) to intense labeling (cytoplasm filled). In contrast, signals for Ghsr were extremely sparse
in the nodose ganglion (Figure 4A,B). Only an estimated 0.65% of Phox2b-positive cells were also
positive for Ghsr transcripts (Figure 4C). Ghsr-expressing cells often co-expressed Ccklr. A visual
survey of the tissues did not reveal obvious differences between the left and right ganglia. ISH
signals were virtually absent from areas devoid of neurons (e.g., epineurium and fiber tract).

Prdm12 was used to identify jugular afferent neurons. As expected, Prdm12 expression was
highly enriched in the neurons of the jugular ganglion and a few neurons infiltrating the rostral
portion of the nodose ganglion (Figure 5A—C). Interestingly, Ccklr signals were detected in a
subset of Prdm12 cells (Figure 5B,C). Slightly less than 9% of Prdm12-positive neurons also
expressed Ccklr (Figure 5D). However, the jugular ganglion only contains cells with moderate
levels of Ccklr (<20 dots per cells) rather than the strongly labeled Cck1r-positive cells commonly
found in the nodose ganglion. Ghsr-positive cells were significantly more prevalent in the jugular
than in the nodose (Figure 5C). Approximately 3% of Prdm12 cells were also Ghsr-positive (Figure
5D). Interestingly, 1% of all Prdm12 co-expressed both Ghsr and Ccklr. Expression levels for Ghsr
were always moderate (<20 dots per cell). No ISH signals could be seen in areas devoid of
neurons.

FIGURE AND TABLE LEGENDS:

Figure 1: Troubleshooting issues of endogenous fluorescence. (A, B) Endogenous fluorescence
in the nodose/jugular ganglion of one aging mouse (~1 year old). Digital images were acquired
by confocal microscopy using the laser lines indicated in colors and acquisition parameters
identical to those used for multiplex ISH with younger mice (see later). Importantly, the fixed
tissue was not processed in any way other than being stored at -80 °C and exposed to DAPI. As
shown in A, a significant level of unwanted fluorescence is observed in neuronal and non-
neuronal cells, especially when exposed to the 488 nm laser (green). This is a common finding in
histology, which warrants assessing endogenous fluorescence before histological analysis. (B) At
higher magnification, fluorescence resembled lipofuscin pigments that often accumulate in aging
cells and could easily be mistaken for genuine immunoreactivity and/or RNAScope signals. Scale
bars =158 um (A) and 15 um (B). (B). Abbreviations: DAPI = 4’,6-diamidino-2-phenylindole; NG =
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nodose ganglion; ISH = in situ hybridization.

Figure 2: Determining optimal signal-to-noise ratio. (A, B) Negative control consisting of
RNAScope detection for the prokaryotic gene DapB. Note that endogenous fluorescence in the
nodose ganglion of a young adult mouse is minimal, and that incubation with the DapB probe did
not result in signals. Acquisition parameters were identical to those used for multiplex ISH. This
shows that the RNAScope procedure itself does not produce any significant background if
acquisition parameters are chosen carefully. (C) Digital images of the same tissue acquired at
increasing power laser and gain with the 488 nm laser. Note how some fuzzy green background
and occasional dots arise above a certain laser power and gain. Thus, it is important to carefully
choose acquisition parameters for each laser based on the amount of unspecific fluorescence
obtained in the negative control tissue. Scale bars = 158 um (A) and 15 pum (B, C). Abbreviations:
DapB = dihydrodipicolinate reductase; DAPI = 4’,6-diamidino-2-phenylindole; NG = nodose
ganglion; ISH = in situ hybridization.

Figure 3: Identification and counting of positive profiles. (A) Representative digital image of
Phox2b-labeled profiles (red) in the rostral part of the nodose ganglion. In this example, a total
of 18 cellular profiles (labeled as 1 to 18) were identified. Note that DAPI staining further helps
in localizing neurons, which typically displayed a large and round nucleus with light DAPI stain. In
contrast, the nuclei of non-neuronal cells are brightly labeled, elongated, and smaller in size.
Overall, the RNAScope signals conformed to the distribution and shape of neuronal rather than
non-neuronal cells. (B) Two labeled Ghsr-positive neurons (yellow) are shown (profiles 19 and
20). Ghsr signals were sparse and difficult to see. Therefore, the lightness and saturation of the
yellow signals were selectively and uniformly enhanced in photo software. (C) A total of nine
Ccklr-labeled profiles (cyan) are identified (labeled as 2, 5, 8, 11, 14, 17, 18, and 19). Note how
the intensity of Ccklr signals varied greatly between cells. For example, profile 11 only contains
a few positive signals, whereas profile 7 is almost filled with Ccklr signals. (D) A merged view of
all channels allowed the identification of colocalization patterns. Many Phox2b-positive profiles
also co-expressed Ccklr (e.g., profiles 2, 8, and 14), as evidenced by red and cyan RNAScope dots
within the same cellular profile. In contrast, Phox2b-positive profiles did not express Ghsr
transcripts (profiles 19 and 20). However, one Ghsr-positive cell also expressed low levels of
Ccklr (profile 19). The two large DAPI-stained nuclei labeled with a white asterisk presumably
correspond to the location of Phox2b-negative afferent neurons devoid of RNAScope signals. In
the representative results described below, at least 2,000 neuronal profiles were counted from
left and right ganglionic masses from 4 different animals. Scale bars = 24 um. Abbreviations: DAPI
= 4',6-diamidino-2-phenylindole; Phox2b = paired-like homeobox 2b; Ghsr = ghrelin receptor;
Ccklr = cholecystokinin receptor.

Figure 4: Representative results of multiplex ISH in nodose afferent neurons. Digital images of
a representative vagal ganglionic mass labeled with multiplex RNAscope for Phox2b, Ccklr, and
Ghsr. Images were acquired with the 20x (A) and 63x (B, C) objectives of a confocal microscope
(Zeiss LSM880). In A, 20x several images were stitched together using the Zen software and
presented as either unmixed channels or merged. Phox2b signals (red) specifically accumulated
in afferent neurons located in the nodose ganglion. As expected, Ccklr signals (cyan) intensely
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labeled many, but not all, neurons in the nodose ganglion. At low magnification, cells expressing
low levels of Ccklr or any cells with Ghsr signals (yellow) could not be observed easily. DAPI (gray)
helped visualize the tissue and identify vagal afferent neurons with a large and lightly stained
nucleus. The white inset in the merged image corresponds to the locations of the image included
below. (B) At high magnification, Phox2b-positive profiles (red) are evident. Many cells also
expressed Ccklr but at varying levels, ranging from moderate to very high. The profile “1” is an
example of a Phox2b cell negative for Ccklr and Ghsr. Profiles “2” and “3” are Phox2b cells with
high and moderate Ccklr signals, respectively. Moderate signals for Ghsr (yellow) were
occasionally seen in the rostral nodose ganglion but almost always in cells negative for Phox2b,
as shown with profile “4”. Interestingly, profile “4” expressed both Ghsr and Ccklr. As shown in
the next figure, Ghsr was more abundant in Prdm12 cells. (C) Pie chart summarizing the estimates
of the percentage of Phox2b cells (red) co-expressing either Ghsr (yellow), Ccklr (cyan), or both
(grey). The total number of counted profiles is indicated next to the chart (n=4 different ganglia,
left and right combined). Results from each side were pooled because no differences were
noticed. Scale bars = 158 um (A) and 15 um (B). Abbreviations: DAPI = 4’,6-diamidino-2-
phenylindole; NG = nodose ganglion; JG = jugular ganglion; ISH = in situ hybridization; Phox2b =
paired-like homeobox 2b; Ghsr = ghrelin receptor; Ccklr = cholecystokinin receptor.

Figure 5: Representative results of jugular afferent neurons multiplex ISH. Digital images of a
representative vagal ganglionic mass labeled with multiplex RNAscope Prdm12, Ccklr, and Ghsr.
Images were acquired with the 20x (A) and 63x (B, C) objectives of a confocal microscope (Zeiss
LSM880). In A, 20x several images were stitched together using the Zen software and presented
as either unmixed channels or merged. Prdm12 transcript (red) specifically accumulated in
afferent neurons located in the jugular ganglion and only a few neurons infiltrating the rostral
part of the nodose ganglion. Ccklr signals (cyan) intensely labeled the nodose ganglion. At low
magnification, cells expressing low levels of Ccklr or any cells with Ghsr signals (yellow) could not
be seen easily. DAPI (gray) helped visualize the tissue and identify vagal afferent neurons with a
large and lightly stained nucleus. The two white insets in the merged image correspond to the
locations of the images included below. (B, C) At high magnification, Prdm12-positive cell profiles
(red) can be delineated. Moderate signals for Ccklr were also detected in profiles “1” and “2”.
Profile “3” is representative of Prdm12 cells negative for Ccklr or Ghsr. In C, Ghsr signals (yellow)
are seen in representative profile “4” but not in “5”. (D) Pie chart summarizing the estimates of
the percentage of Prdm12 cells (red) co-expressing either Ghsr (yellow), Ccklr (cyan), or both
(grey). The total number of counted profiles is indicated next to the chart (n=4 different ganglia,
left and right combined). Results from each side were pooled because no differences were
noticed. Scale bars = 158 um (A) and 15 um (B, C). Abbreviations: DAPI = 4',6-diamidino-2-
phenylindole; NG = nodose ganglion; JG = jugular ganglion; ISH = in situ hybridization; Prdm12 =
PR domain zinc finger protein 12; Phox2b = paired-like homeobox 2b; Ghsr = ghrelin receptor;
Ccklr = cholecystokinin receptor.

Table 1: Acquisition parameters. Abbreviation: DAPI = 4’,6-diamidino-2-phenylindole.

DISCUSSION:
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The technique of ISH was invented in the late 1960s*2. However, it is not until the mid-1980s that
it was applied for the detection of mRNAs in the central and peripheral nervous systems*344,
Considering the heterogeneity of the nervous system and recurring issues with antibodies,
localizing a particular transcript at the cellular level remains an invaluable tool. Nonetheless,
traditional ISH methods have remained laborious and variably sensitive. Fortunately, this study
employed a highly sensitive ISH procedure called RNAscope, which usually generates no
background and allows the detection of several transcripts expressed at low levels#>4,
Specifically, multiplex fluorescent RNAScope was applied for the simultaneous detection of the
Ghsr and Ccklr transcripts. The transcription factors, Phox2b and Prdm12, were further used as
selective markers to differentiate nodose and jugular afferent neurons, respectively. Without
visualizing Phox2b and Prdm12, it would be challenging to identify jugular vs. nodose afferent
neurons with certainty. As explained above, one critical step includes a consistent and proper
dissection technique. In addition, the verification of endogenous fluorescence is also an
important factor as it could easily be mistaken for RNAScope signals. Furthermore, the choice of
appropriate acquisition parameters based on negative control tissue is strongly advised. As
mentioned earlier, confocal microscopy is the preferred imaging method with 20x and 63x (oil)
objectives because 1) transcripts expressed at low levels and/or in sparse cells may only be
noticeable at high magnification. 2) Confocal microscopy allows the collection of a single focal
plane, which is important considering that two cells on top of each other may wrongly appear as
one cell when imaged by epifluorescence. 3) Confocal microscopy also allows more selective and
flexible acquisition parameters. The above acquisition parameters are only provided as an
example, and modifications are recommended depending on one instrument, magnification (20x
or 63x), expression levels, and endogenous levels of fluorescence for any given tissue. The
staining procedure itself remained very close to that of the recommended protocol with only
slight adjustments. Obviously, the protocol described here may be applied to the detection of
any transcripts, not just GPCRs. The procedure described here is nonetheless particularly useful
considering the recurring issues with antibodies raised against GPCRs?4.

As previously discussed®, the mouse nodose ganglion is sometimes attached to the superior
cervical ganglion by a cell bridge. The inclusion of this cell bridge may lead to confusing results,
e.g., non-vagal markers being detected in the nodose ganglion. The investigator may want to
systematically verify whether the nodose ganglion is attached to the superior cervical ganglion
during dissection. Otherwise, inconsistent dissection skills between ganglia will introduce
experimental variability. It is also important to note that both petrosal and nodose afferent
neurons express Phox2b*’. Thus, what we referred to as nodose afferent neurons included both
petrosal and nodose neurons. Lastly, when comparing different studies, one should keep in mind
that different methods of euthanasia can cause changes in gene expression®,

In theory, the fluorophores used for detection can be interchangeably attributed to any channel.
However, Opal 690 was found to emit a low level of green fluorescence. Under most
circumstances, in the case of highly expressed transcripts (e.g., Prdm12), unwanted green
fluorescence was seen if the laser intensity was too high. Opal 690 is therefore recommended for
genes with moderate/low expression. If only working with highly expressed genes, it is
recommended to dilute Opal 690 further (i.e., 1/3,000) and not capture unspecific green
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fluorescence during image acquisition. RNAscope signals are separate dots of different colors,
even when transcripts are expressed within the same cell profile. However, for highly expressed
transcripts, it might not be possible to see individual dots but rather fluorescence filling up the
cytoplasm. When dots emit fluorescence of different colors, one might consider a problem of
unspecific fluorescence due to, among other examples, inadequate acquisition parameters
and/or endogenous pigments. Lastly, Opal 570 and 620 must not be used simultaneously because
their emission spectra overlap.

If no RNAscope signals are observed for a gene known to be expressed in the tissue of interest,
it is advised to verify the integrity of the tissue by running a positive probe available (i.e., peptidyl-
prolyl cis-trans isomerase B housekeeping gene). DAPI counterstaining is also helpful in
determining tissue quality. DAPI-labeled nuclei that appear shredded may indicate excessive
digestion or improperly fixed tissue.

As a result, Ghsr was expressed in a small subset of Prdm12-positive jugular afferent neurons. In
contrast, and in agreement with one previous study!!, Ghsr mRNA was virtually absent from
nodose afferent neurons. It is deduced that low levels of Ghsr mRNA previously detected by qPCR
and ISH were likely due to jugular afferent neurons3°-32. One prior calcium signaling study showed
that 3% of cultured vagal afferent neurons respond to ghrelin®, a number that is remarkably
similar to the percentage of Ghsr-expressing jugular afferent neurons. Ccklr was expressed in
many Phox2b-positive nodose afferent neurons and, more surprisingly, in a subset of Prdm12-
positive jugular afferent neurons. In summary, this paper demonstrates the successful adaptation
of existing ISH techniques to assess the cellular distribution of select GPCRs in the jugular-nodose
ganglionic mass in its entirety.

In conclusion, multiplex ISH was employed to detect and simultaneously visualize the transcripts
for two GPCRs (Ccklr and Ghsr) and one transcription factor (Phox2b or Prdm12) in the entire
vagal ganglionic complex of the adult mouse. The protocol described here can be a
complementary tool to RNA-Sequencing, gPCR, and traditional histology. However, this protocol
may be applied to other ganglia of similar size. As discussed above, acquisition parameters, age
of animals, and consistency of dissection are important factors to consider during experimental
design. Therefore, it can offer unique information about the topographic gene expression
patterns in a highly heterogeneous and small ganglion. This protocol could be used to determine
changes in the transcriptional profiles of jugular vs. nodose afferent neurons in the context of
various physiological and pathophysiological conditions, including, but not limited to, changes in
feeding status. It may also be used to compare the neurochemical make-up of vagal afferent
neurons in animal species commonly used in preclinical research, including primates and pigs>%>*.
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Opal Laser line Detection range power gain Line average Pixel size

Opal 690 HeNe 633 nm 668-696 nm 2 724 4 1024 x 1024
Opal 570 DPSS laser 561 nm 579-627 nm 15 450 4 1024 x 1024
Opal 520 argon laser 488 nir 499-535 nm 6 830 4 1024 x 1024

DAPI diode laser 405  415-502 nm 12 532 4 1024 x 1024
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Editorial comments:
Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. We searched for spelling and grammar issues and corrected the text when
necessary.

2. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you",

n u

revised the text (red highlight) to avoid using “we”, “you”, and “our”.

our" etc.). We

3. Please ensure that abbreviations are defined at first usage. Agree.

4. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all
commercial language from your manuscript and use generic terms instead. All commercial products
should be sufficiently referenced in the Table of Materials. Please sort the Materials Table alphabetically
by the name of the material. We removed the ® symbol following RNASCope.

5. The Protocol should be made up almost entirely of discrete steps without large paragraphs of text
between sections. Please simplify the Protocol so that individual steps contain only 2-3 actions per step
and a maximum of 4 sentences per step. We modified the structure of our protocol accordingly and
included more steps.

6. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described
in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could
be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the
imperative tense may be added as a “Note.” However, notes should be concise and used sparingly. We
rewrote the protocol in the imperative tense.

7. Please note that your protocol will be used to generate the script for the video and must contain
everything that you would like shown in the video. Please ensure you answer the “how” question, i.e.,
how is the step performed? Alternatively, add references to published material specifying how to
perform the protocol action. There should be enough detail in each step to supplement the actions seen
in the video so that viewers can easily replicate the protocol.

8. Please add more details to your protocol steps:

Step 1.1: Please mention whether the mentioned morning time is essential or not. Kindly note that
anaesthetization steps cannot be filmed, so highlighting needs to be removed. Time is not essential and
was removed. Step 1.1 is not highlighted anymore.

Step 1.2: Please specify what is meant by big scissor/small forcep? Any specific size is critical? The
reference for scissors and forceps is now linked to the Table of Materials.

Line 118: How much the nerve should be cut? The entire hypoglossal nerve can be removed.
Line 129: Replace “Eppendorf” tube with “microcentrifuge” tube. Correction was made.

Line 137: How long the sample can be stored? At least 6 months.
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Line 163: How the H202 treatment was performed? We added experimental details.

Line 172: Please mention the probes. The details can be given in the Table of Materials. Probes were
added.

Line 205-206: Please mention the laser power used. Recommended power laser is listed in step 3.3. and
new Table.

Step 3.3: Please provide a Table to list all the acquisition parameters. We created a new Table.

9. Please remove the phrase “Manufacturer’s instructions/protocols.”Instead, use generic terms. We
removed the term “manufacturer”.

10. Please include a one-line space between each protocol step and then highlight up to 3 pages of the
Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video,
i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. Remember that
non-highlighted Protocol steps will remain in the manuscript, and therefore will still be available to the
reader. We modified the protocol accordingly.

11. Please modify the Result section to include all the observations and conclusions you can derive from
the Figures. We reorganized the text to avoid including results in the Methods section.

12. Please ensure that scale bars are present in all the microscopic images. We think that all the needed
scale bars are included.

13. Please spell out the journal titles in the References. References were corrected accordingly.

Reviewers' comments:
Reviewer #1:
Manuscript Summary:

The methods article entitled "Detection of G-proteins -coupled receptors expression in the mouse vagal
afferents using multiplex in situ hybridization" by Bob-Manuel et. al describe a protocol that can be used
for the visualization of vagal afferent neurons. To this end, the authors employ use of multiplex in situ
hybridization (ISH) in the jugular and nodose ganglia of mice (marked by Prdm12 and Phox2b,
respectively) and demonstrate the expression of cholecystokinin and ghrelin G-protein-coupled
receptors (GPCRs). This manuscript serves as a valuable tool that will allow for greater understanding of
vagal afferent transcriptional profile mapping. However, several minor weaknesses were found. Notably,
there were grammatical and spelling errors throughout the document (including the title). There is also
a need for greater experimental methodological detail. Otherwise, this is an interesting paper that could
influence the neuroanatomical field.

We thank the reviewer for the comments. We apologize for the spelling errors.

Specific comments



1. In lines 79-80 the authors state "Phox2b and Prdm12 were further used as selective markers for
jugular and nodose afferents, respectively". It's vice versa-please correct. We apologize for the mistake.

2. As we know feeding status influences expression of genes within the CNS, there should be discussion
of how feeding status might influence the findings presented here and how to best control for feeding
status for studies like these. We agree. One sentence was added on feeding status.

3. Similarly, do the authors have any idea whether the specific method of euthanasia will cause
differences in expression patterns of vagal subtypes? This should also be discussed. This is a good point
that we had not considered in the past. The article now discusses the possible effect of euthanasia on
gene expression.

4. In lines 171-172, the authors mention that slides were "incubated with the combination of probes
listed below for 2 hours at 40C (HybEZ oven)". Immediately after, the authors state "On the next
morning" in lines 175 and 176. Is there an overnight incubation? If not, is a step missing here? We
apologize for the confusion. Tissue is incubated with probes for 2 hours only. It is kept overnight in SSC
buffer.

5. In section 3.3 of "Microscopy and data analysis", the authors provide a very thorough and precise
description of their microscope parameters. While this is great for establishing a baseline for this specific
confocal scope, it may not be as beneficial for readers with different brands of confocal microscopes.
We agree. This is why we wrote that the above parameters are only provided as an example and
modifications are recommended depending on one instrument, magnification (20x or 63x), and
expression levels, endogenous levels of fluorescence for any given tissue.

6. The authors should also provide additional commentary on whether the vagal subtype compositions
vary between the right and left nodose as it's been demonstrated that the function is drastically
different. As mentioned in the article, a visual survey of the tissues did not reveal obvious differences
between the left and right ganglia. To the best of our knowledge, the molecular make-up of vagal
afferents located in the right vs left nodose is similar. Thus, the functional differences mentioned by the
reviewer are likely due to differences in network connectivity.

7. There were grammatical and spelling errors throughout the document-including the title. It should be
"Detection of G-protein-coupled receptor expression in the mouse vagal afferents....." We apologize for
the mistake and corrected the article.

8. Section 2.3 of the "Pretreatment and Ish" section, the authors discuss use of Opal 520, 570, and 690
without giving a description as to what these reagents are/do. This is a good point. We added the
missing information.

Reviewer #2:
Manuscript Summary:

The manuscript is clearly written and presents a well reasoned approach to the detection of GPCRs in
mouse neuronal ganglia. Video documentation of the technique will be a useful addition to the primary



science literature. There are no major questions that need to be addressed or revisions that are
required. Minor comments to improve the presentation are given below.

Minor Concerns:

Page 1: Suggest that the Ghsr and Ccklr acronyms be spelled out completely when first introduced and
referred to only afterward by the respective acronyms. We agree. The proposed changes are included in
the revised text.

Page 2: At line 53, the word, "letting" appears to be a typo that is better replaced with the word,
"leading". We agree. The proposed changes are included in the revised text.

Page 5: At line 132, what is "OCT medium"? OCT stands for optimum cutting temperature.

Lastly, it may be helpful to the uninitiated reader to explain in a sentence or two, the rationale for using
the DapB probe as a negative control. We agree. The revised text now explains what is
dihydrodipicolinate reductase (DapB) and its relevance as a negative control.

Reviewer #3:
Manuscript Summary:

This manuscript describes a protocol for multiplexed in-situ hybridization (ISH) of the mouse jugular-
nodose ganglia complex using RNAscope technology. This enables visualization of gene expression in
whole-mounted tissues (ganglia in this case) with low background levels. The authors use Phox2b and
Prdm12 to mark neurons located in the nodose vs those in the jugular ganglia and focus on gene
transcripts for the GPCRs Ccklr and Ghsr. The protocol is sufficiently detailed and follows up on prior
published work by author L Gautron on GPCRs on these vagal sensory affferents.

Major Concerns:

Introduction -- to make their protocol more broadly applicable, | ask that they expand the discussion of
vagal ganglia to more species, including pig and human. There is more recent IHC work (Settell 2020 J
Neural Eng) and others that highlight distinctions between animals for these ganglia. This is a good
point. The proposed changes are included in the revised text.

It is very difficult to see the yellow color in all the Figures, esp in Fig 3. This is even worse in the print

versions. It would be beneficial if they used an alternative color when possible, e.g. green, magenta, or
cyan. We agree that the yellow RNAScope signals are difficult to see, mostly because the Ghsr mRNA is
relatively sparse. We were not able to find a better combination of colors and decided to uniformly and
selectively boost the lightness and saturation of the yellow. This is now explained in our figure legends.

Minor Concerns:

It seems that the authors use the term "vagal afferents" to refer to both afferent fibers and afferent cell
bodies, which can be confusing. If the authors are referring specifically to nodose ganglia neurons/cell
bodies, then they should clarify it as "vagal afferent neurons" which is what this protocol is focused on.



To me, the "afferents" are the actual vagus nerve fibers/axons that innervate the viscera. This is a good
point. The proposed changes are included in the revised text.



