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Abstract

Using gene chip methodology, we identified candidate genes differentially expressed by
vasomotor and non-vasomotor sympathetic neurons in the superior cervical ganglion. Groups of
10 neurons were manually sorted after isolation from a transgenic neuropeptide Y (NPY)
reporter mouse that expresses the humanized Renilla green fluorescent protein (GFP) under
control of Npy promoter sequences. Anatomical analysis of GFP and NPY co-expression showed
that 98% of GFP-positive neurons and 16% of GFP-negative neurons express NPY. The
probability of contamination in sorted cell samples was therefore high. To minimize this
problem, we screened amplified cDNA samples by the quantitative polymerase chain reaction.
This approach identified 101 candidate genes preferentially expressed by GFP-positive neurons

and 74 candidate genes preferentially expressed by GFP-negative neurons.
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1. Introduction

Functional subsets of sympathetic neurons in paravertebral chain ganglia are defined by the
peripheral target tissues that they selectively innervate, by their central connections and by the
differential expression of neuropeptides and other markers (Gibbins, 1995; Janig et al., 1992).
For example, distinct groups of sympathetic neurons innervate blood vessels, the heart, glands,
pilomotor hairs and other targets, while neuropeptide Y (NPY) is preferentially expressed by
vasomotor and cardiac neurons and by smaller subsets of neurons that innervate the pineal gland
and iris (Corr et al., 1990; Gibbins, 1991; Gibbins, 1992; Horn et al., 1987; Li et al., 2006;
Lundberg et al., 1984; Lundberg et al., 1983; Reuss et al., 1989). The utility of NPY as a
neuronal marker in the sympathetic system arises from the high level of protein expression that
permits relatively easy detection in cell bodies and peripheral axons by numerous commercially
available antibodies. Despite these advantages, NPY expression does not distinguish subsets of
sympathetic neurons that innervate different vascular beds. For example, it would be useful to
have markers that identify neurons that selectively regulate blood vessels in the brain, skin, heart,
kidneys and striated muscle. Such markers could serve as tools for experimentally targeting
functional components of the sympathetic motor system to investigate their normal roles in blood
pressure regulation and thermoregulation. They could also help to identify pathophysiological
changes in animal models of hypertension, diabetes and Parkinson’s disease. As a first step
towards that goal, the present study sought to discover new candidates for genetic markers that
distinguish NPY -positive from NPY-negative neurons.

Our approach employed a transgenic reporter mouse that expresses the humanized Renilla

variant of green fluorescent protein (GFP) together with sequences that promote expression of
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the Npy gene (van den Pol et al., 2009). The strategy was to dissociate ganglia, manually sort
neurons into fluorescent and non-fluorescent groups and then assay them using Illumina bead-
chip technology. A key reason for using NPY as the marker for cell sorting was that 50-70% of
the neurons in paravertebral ganglia at all segmental levels express NPY (Garcia-Arraras et al.,
1992; Gibbins, 1995; Headley et al., 2005; Horn et al., 1987; Lundberg et al., 1982). In addition,
the structure of NPY is highly conserved from lower vertebrates up through birds and mammals
(Larhammar, 1996). This marker thus provides a practical tool for dividing sympathetic neurons
into 2 large groups with ancient evolutionary lineages tied to the regulation of cardiovascular and
non-cardiovascular targets. The present analysis focused upon the superior cervical ganglion
(SCQG) at the rostral end of the paravertebral chain because it has been studied more extensively
than other chain ganglia and because it is the largest ganglion with the most cells. Even so, the
20,000 neurons found in the SCG do not contain enough RNA for direct detection with gene chip
methodology. Instead, we employed an RNA amplification strategy starting with small groups of
10 neurons (Okaty et al., 2011a; Okaty et al., 2011b). We validated the reporter construct by
analyzing the co-expression of NPY and GFP in tissue sections and then checked the efficacy of
sorting by testing samples for NPY mRNA expression using quantitative real-time PCR (qPCR)

prior to gene chip analysis.

2. Materials and methods

All animal protocols for this project were approved by the Institutional Animal Care and Use

Committee at the University of Pittsburgh. Transgenic Npy-GFP (B6.FVB-Tg(Npy-

hrGFP)1Lowl/J) male mice and C57BL/6 wildtype females were purchased (#006417, Jackson
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Laboratory, Bar Harbor, ME) and then bred by crossing heterozygote with wildtype individuals.
Dr. Bradford B. Lowell originally generated the Npy-GFP line (van den Pol et al., 2009). These
mice express a bacterial artificial chromosome containing humanized Renilla green fluorescent
protein under control of upstream and downstream sequences that contain the Npy promoter.

Mice were genotyped from tail biopsies taken between postnatal days 14 and 16. Genomic
DNA was extracted with the Gentra Puregene Mouse Tail Kit (#158267, Qiagen, Valencia, CA)
according to the manufacturer’s protocol. PCR amplification of target regions from 20 ng of
genomic DNA used the following reaction mix: 5U/ul Taq DNA polymerase (#18038042
Invitrogen, Grand Island, NY), 10 mM dNTP mix (#10297018, Invitrogen) and 10 uM primers
(Integrated DNA Technologies, Inc., Coralville, 1A). Thermocycling parameters and primer
sequences followed genotyping protocols in The Jackson Laboratory database.

The primer sequences were:
Common 5-TATGTGGACGGGGCAGAAGATCCAGG-3’
Wild type Reverse 5'-CCCAGCTCACATATTTATCTAGAG-3’
Mutant Reverse 5'-GGTGCGGTTGCCGTACTGGA-3’

PCR products were separated by gel electrophoresis on 1.5% sodium-borate agarose gels

containing 0.5 pg/ml ethidium bromide and visualized with a UV transilluminator.

2.1  NPY immunocytochemistry and quantification

SCGs were dissected from six, 3-5 month old heterozygous Npy-GFP mice (males and

females), followed by overnight immersion at 4°C in Zamboni’s fixative containing 2%

paraformaldehyde and 0.2% picric acid in 0.2 M phosphate buffer. Fixed SCGs were washed in
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phosphate buffered saline (PBS) and incubated overnight at 4°C in 30% sucrose in PBS.
Cryoprotected tissue was embedded in OCT compound (Tissue-Tek 4583, Sakura, Torrance,
CA) and cut into 10 um cryostat sections. Non-adjacent sections were collected from each SCG,
blocked and permeabilized by incubation for 30 minutes at room temperature in PBS with 10%
normal donkey serum and 0.5% Triton X-100 (PBSDT). Sections were then incubated overnight
at 4°C in PBSDT with primary NPY antibody (either 1:3,000 rabbit monoclonal a-NPY
(#11976S, Cell Signaling Technology, Danvers, MA) or 1:1,000 sheep polyclonal a-NPY
(#AB1583, EMD Miillipore, Billerica, MA). After washing with PBS, sections were incubated
for 2 hours at room temperature in secondary antibody diluted in PBSDT (either 1:200 Cy3
AffiniPure donkey a-rabbit IgG (#711-165-152, Jackson ImmunoResearch Laboratories, West
Grove, PA) or 1:200 Cy3 AffiniPure donkey a-sheep 1gG (#713-166-147, Jackson
ImmunoResearch Laboratories)). The sections were then washed with PBS, coverslipped and
imaged using a Zeiss Axioskop2 microscope, AxioCam HRc camera and AxioVision software.
Although superior tissue histology and NPY immunoreactivity can be obtained by embedding
tissue in polyethylene glycol and cutting at room temperature (Headley et al., 2005), this method

proved unsatisfactory because it destroyed GFP fluorescence.

2.2 Neuronal dissociation and sorting

SCGs dissected from four month old (microarray 1) and seven month old (microarray 2)
heterozygous Npy-GFP male mice were placed in chilled L-15 media (#SH30525.01, Thermo
Scientific). Under a dissection microscope, the ganglia were desheathed, cut into pieces and

incubated for 30 minutes at 37°C in pre-warmed L-15 containing 2 mg/ml collagenase type 4
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(#LS004186, Worthington Biochemical, Lakewood, NJ), followed by incubation for 30 minutes
at 37°C in pre-warmed L-15 containing 0.25% trypsin (#15050-057, GIBCO, Grand Island, NY),
with gentle agitation every 10 minutes. To stop the digestion, trypsin was neutralized by diluting
1:10 with growth media that contained MEM (#SH30601.01, Thermo Scientific), 10% fetal bovine
serum (#S11150, Atlanta Biologicals, Norcross, GA), 1% penicillin-streptomycin (#B21210,
Atlanta Biologicals), 10 ng/mL nerve growth factor (# BT-5017, Harlan Bioproducts, Indianapolis,
IN), 0.4 uM cytosine arabinoside hydrochloride (#C6645, Sigma-Aldrich). After pelleting the
tissue by mild centrifugation for 1 minute at 100 x g, excess media was aspirated, and the ganglia
were triturated in 300 pl of media using three flame-polished Pasteur pipettes with openings of
decreasing diameter. We then plated the cells on two 35mm glass-bottom dishes fabricated with
14 mm collagen-coated coverslips (#P35GCOL-1.0-14-C Mattek Corp, Ashland, MA), allowed
them to adhere to the substrate by incubating them at 37°C, 5% CO> for 1 hour and began the
process of manual sorting.

Sorting was done by placing each 35 mm dish onto a Zeiss IM 35 inverted microscope and
identifying GFP positive and negative neurons under epifluorescence illumination. Individual
adherent phase-bright neurons were drawn into patch style glass pipettes with 30-60 p openings
using gentle suction and transferred into tubes containing 2 pl of direct lysis buffer (from the
Ovation® One-Direct System, see below). The tubes were flash-frozen in liquid nitrogen and
stored at -80°C before processing. Collecting each sample of 10-12 cells took approximately 30
minutes. Transfer pipettes were fabricated from 100 pl disposable borosilicate pipettes with a P-
87 puller (Sutter Instruments, Novato, CA), mounted in a suction holder designed for patch-clamp

electrophysiology and controlled with a Leitz mechanical micromanipulator.
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2.3 RNA Isolation, cDNA synthesis and amplification

Groups of cells stored in direct lysis buffer were thawed on ice, followed by cDNA synthesis and
amplification using the Ovation® One-Direct System (#3500-12, NuGen, San Carlos, CA)

according to the manufacturer’s protocol.

2.4 gPCR For Npy

Npy expression was quantified in amplified cONA samples using the SYBR® Green detection
system (#4309155, Life Technologies). 20 ul gRT-PCR reactions included 250 nM primers and 5
ng of cDNA template. Each reaction was run in triplicate on an Applied Biosystems Prism 7900HT
cycler with the default real-time PCR program, followed by melt curve analysis.

Primers sequences were:

Mouse Gapdh Forward 5'-CATGGCCTTCCGTGTTCCTA-3' (IDT, Custom)

Mouse Gapdh Reverse 5'-CCTGCTTCACCACCTTCTTGAT-3' (IDT, Custom)

Mouse Npy Forward 5-CCAGACAGAGATATGGCAAGAG-3' (IDT, Custom)

Mouse Npy Reverse 5'-GGGTCTTCAAGCCTTGTTCT-3' (IDT, Custom)

2.5 Labeling of amplified cDNA and gene chip analysis

Amplified single-stranded cDNA products were purified using the MinElute Reaction Cleanup Kit

(#28204, Qiagen, Germantown, MD) according to the Ovation® One-Direct System protocol and

stored at -20°C. The University of Pittsburgh Genomics Research Core (www.genetics.pitt.edu)
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performed quality checks on cDNA samples, labeled them and ran the gene chip assays. cDNA
quality was assessed using the Agilent Bioanalyzer and an RNA 6000 Nano chip. cDNA was
labeled using the Encore BiotinlL Module (#4210-48, NuGen). Gene expression assays used the

MouseWG-6 v2.0 Expression BeadChip (#BD-201-0202, lllumina, San Diego, CA).

2.6 Data analysis software

Data analysis utilized Prism 7 (Graphpad, LaJolla, CA), Igor 6 (Wavemetrics, Lake Oswego, OR)

and  Microsoft Excel. Microarray data analysis employed BRB-ArrayTools

(http://brb.nci.nih.gov/BRB-ArrayTools/), developed by Dr. Richard Simon and BRB-ArrayTools

Development Team.

3. Results

3.1 Overlap between NPY and GFP expression

The original work first describing the NPY reporter mouse showed good correspondence
between neuronal NPY and GFP expression in the hypothalamic arcuate nucleus (van den Pol et
al., 2009), but did not examine sympathetic ganglia. Before studying differential gene expression
in sympathetic neurons sorted by GFP expression, it was therefore important to assess co-
expression of the reporter with NPY. Figure 1 illustrates the co-localization of NPY -

immunofluorescence and GFP in sections of the SCG. As expected, most sympathetic neurons
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that expressed NPY (Fig. 1A) also expressed GFP (Fig. 1B) and most NPY-negative neurons
were GFP-negative. However, the match between expression of the neuropeptide and reporter
was not perfect. Figure 1C illustrates an NPY-negative cell that was GFP-positive (Fig. 1D) and
Fig. 1E illustrates a NPY-positive cell that was GFP-negative (Fig. 1F). In order to quantitate
these observations, fluorescent and non-fluorescent cells were photographed and counted in 7
ganglia from 4 mice. Twenty-one microscope fields were analyzed in non-adjacent sections to
avoid double counting of split cells. In 2,423 cells, 53% (1,282 neurons) were NPY-positive and
47% (1,141 neurons) were NPY-negative, which confirms previous work (Gibbins, 1991).
However, only 45% of neurons (1099/2423) expressed the GFP reporter, while 55% were GFP-
negative (1324/2423). To understand the disparity between NPY and GFP expression, we
examined the incidence of double labeling. All but 22 of the GFP-positive cells were NPY -
positive. Hence there was a 0.98 (1077/1099) probability that a GFP-positive cell correctly
reported the expression of NPY. This contrasted with 205 NPY-positive neurons that failed to
express the GFP reporter. The probability of a GFP-negative cell also being NPY-negative was
therefore only 0.84 (1117/1322). In other words, GFP expression reliably reported NPY
expression 98% of the time, but the absence of GFP was less reliable in that it only reported the
absence of NPY 84% of the time. This failure to observe GFP in 16% of NPY-positive neurons
could arise either from a GFP detection problem, or from incomplete penetrance of the
transgenic GFP reporter construct, possibly due to novel regulatory elements for the NPY gene
that are absent in the GFP transgene construct. In an effort to distinguish these possibilities, we
measured the distributions of cell body size in the different cell groups, which can reflect
functional specialization of sympathetic cell types (Dodd et al., 1983; Gibbins, 1991; Li et al.,

2006).
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As shown in Figure 1A, NPY-positive sympathetic neurons tended to be smaller than
NPY -negative neurons. In the rat SCG, this is due in part to large secretomotor neurons that
project through the external carotid nerve to salivary glands (Headley et al., 2005). To compare
the sizes of the different cell groups, we traced and compared the areas of the 2,423 cell bodies
whose GFP fluorescence and NPY-immunoreactivity had been scored. The double negative
neurons were larger on average than cells in the other three groups (Fig. 2A). This was because
the largest cells were found only in the double negative group. Comparing the size distributions
for double negative and double positive neurons (Fig. 2B) showed they were skewed and had
different shapes. We therefore used a non-parametric ANOVA that detected differences in the 6
possible pairwise comparisons between the 4 groups (Fig. 2). Post hoc tests revealed statistically
significant differences between the double negative and double positive neurons (P<0.0001) and
between the double negative and NPY-only neurons (P<0.0001). Plotting all 4 cell size data sets
as cumulative probability density functions (Fig. 2C) showed that the three groups expressing
either one or both markers were very similar and were distinct from the size distribution of the

double negative neurons.

3.2 Efficacy of cell sorting

Our experimental design utilized groups of 10-12 neurons in order to increase the signal to noise
ratio by smoothing out small variations in gene expression between individual cells (Okaty et al.,
2011a). In preliminary gene chip experiments, it was therefore surprising to find that Npy was
not always preferentially expressed in groups of GFP-positive neurons. Simple binomial

calculations (http://www.graphpad.com/quickcalcs/probability1/) using our staining data helped
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to explain this result. Given a probability of 0.84 that a GFP-negative cell is also NPY-negative,
the probability that 10 GFP-negative neurons picked at random will all be NPY-negative is only
0.174 and the probability that a sample of 10 cells will be contaminated by 1 or 2 NPY-positive
neurons is 0.60. Although the odds of avoiding contamination are much better (i.e. 98%) when
using GFP to collect NPY-positive neurons, the chance that 10 of 10 cells will be NPY-positive
is only 0.817 and there is a 16% chance the sample will have one NPY-negative neuron. As a
practical solution to this limitation, we assayed the 10 cell samples used to assess differential
gene expression (next section) by gPCR for Npy.

The average cycle thresholds (Ct) for NPY and GAPDH in 5 samples of GFP-positive
cells were 17.26 £ 1.29 and 20.06 = 0.63 (mean + standard error). The corresponding C+ values
in 5 GFP-negative samples were 22.82 + 2.39 and 20.56 + 0.60. Using these numbers to
determine relative expression (27T x 1000) showed significantly higher NPY expression in
the groups of GFP-positive neurons than in the groups of GFP-negative neurons (Fig. 3). Using
the double A method (2724¢7) (Livak et al., 2001; Pfaffl, 2001), we calculated a 33.3 fold

difference in NPY expression levels between the two groups of sorted neuronal samples.

3.2 ldentification of differentially expressed candidate genes

Twelve neuronal samples from 6 mice were subjected to microarray analysis on two lllumina
Beadchip Arrays. Half the samples were GFP-positive and the others GFP-negative. Figure 4
illustrates the raw hybridization signals (range = 0 — 26,651) for each sample, after sorting them
in rank order. Data from 2 samples (red) were discarded because the signals were systematically
lower than in all the other 10 samples. In the remaining 10 samples, we observed interleaving of

signal intensities for the GFP-positive (green) and GFP-negative (blue) data sets, with no
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systematic bias towards one cell type or the other. Seventy-five percent of the 45,281 probes
yielded signals in the range of 80 to 100, with a background signal of about 70. Thus, the
majority of probes detected very small responses.

Microarray data from the 10 samples that met our quality control standard of the raw data
were imported into BRB-ArrayTools with quantile normalization. Differences in gene expression
were determined by comparing normalized gene expression values between GFP-positive
samples (JH1, 3, 5, 14, and 22) and GFP-negative samples (JH2, 6, 13, 15, and 23). All of the
original and analyzed bead chip data are available on the NCBI/GEQ database (Accession
GSEB81075). With 5 biological replicates in each group, a two-sample t-test was calculated for
each gene. A list of 220 genes with P <0.05 was identified as significantly different between the
two groups. We then excluded 36 unknown or uncharacterized genes from the list. This left 184
known genes: 104 expressed at higher levels in GFP-positive neurons (Table 1) and 80 expressed
at higher levels in GFP-negative neurons (Table 2). Npy at the top of Table 1 had the largest
differential expression signal of all genes. This indicates that our strategy for sorting neurons
followed by gPCR screening succeeded in comparing pools of cells that were enriched with
NPY -positive cells with pools that were largely NPY-negative. Further inspection of the data
revealed 2 genes (Akap9, Cdipl) that each came up twice in Table 1, and 5 genes (Enah,
Fam110b, Fam3c, Rbmb5, Sdhc) that came up 11 times in Table 2. Multiple hits occur because
the bead chip methodology includes 45,281 probes that oversample the genome to more
complete insure coverage. Taking the duplicates and Npy into account, our data identified
preferential detection of 101 new genes in GFP- positive neurons and 74 new genes in GFP-

negative neurons.
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4. Discussion

Reporter mice provide powerful tools for studying specialized types of neurons to understand
their physiology and underlying genetics. The Lowell lab developed the Npy-GFP mouse to aid
studies of hypothalamic neurons that control feeding and energy homeostasis (van den Pol et al.,
2009). Now for the first time, we have used this mouse model to investigate sympathetic
neurons, where NPY is a marker for the subset of cells that innervate the cardiovascular system.
Comparing the expression of NPY-immunoreactivity and GFP fluorescence confirmed that the
transgenic reporter construct used to drive GFP expression is highly effective (Figures 1 and 2).
Nonetheless it is not perfect. While 98% of neurons that express NPY also express the GFP
reporter, only 84% of neurons that do not express GFP are NPY-negative. This becomes
important when sorting neurons to assess differential gene expression. We were able to
overcome this difficulty by testing cell samples for differential Npy gene expression using gPCR
and by targeting the gene chip analysis to samples that passed this test. The Illumina bead chip
array data identified 175 candidate genes that are differentially expressed by NPY-positive and
NPY-negative SCG neurons. Many of these genes are familiar as G-protein coupled receptors, as
signaling molecules, and as transcription factor related molecules, while others serve in a range
of additional capacities. Our efforts to identify molecular networks that might help interpret the
candidate’s functional significance have not been successful to this point. It is also important to
note that the targets identified remain candidates. Additional studies will be required in order to
validate differential expression of these genes. In the meantime, since the completion of this
project, the methodology for expression analysis has continued to advance. The bead chip arrays

used in our study are now obsolete and no longer available from Illumina. In its place, RNA
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sequencing methods have become more readily available for the analysis of single cells and large
numbers of single cells using microfluidic cell sorting and bar coding methods (Macosko et al.,
2015), together with more advanced bioinformatics approaches to the analysis. These and
related approaches that employ deep sequencing have now been used to identify neuronal types
in the retina (Shekhar et al., 2016), in the hypothalamus (Campbell et al., 2017), in sensory
neurons (Chiu et al., 2014) and in sympathetic neurons from thoracic chain ganglia (Furlan et al.,
2016). Future work will undoubtedly uncover finer genetic distinctions between subsets of
sympathetic neurons that control different facets of autonomic motor behavior and provide tools
for analyzing their physiological properties. Although these advances circumvent the need for
reporter mice for cell sorting, the Npy-GFP mouse remains promising as a tool for

electrophysiological studies of vasomotor sympathetic neurons.
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Figure 1. Comparison of NPY-immunoreactivity (A,C,E) with GFP expression (B,D,F) in the

superior cervical ganglion. The images in A and B illustrate the strong correspondence between
expression of NPY and GFP in sympathetic neurons from the transgenic mouse model.
Unstained cells in the background were photographed using Nomarski differential interference
contrast illumination. These panels also show that the largest sympathetic neurons tend not to
express either marker. White arrowheads in C and D point to a rare example of a sympathetic
neuron that was NPY -negative and GFP-positive. The arrowheads in E and F point to a NPY-

positive neuron that was GFP-negative.
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Figure 2. Size distributions of sympathetic neurons that express NPY-immunoreactivity and
GFP and of neurons that do not express these markers. Box and whisker plots (A) compare the
mean, range and 25-75%-tiles of cell body areas for the four groups of neurons. The number of
neurons in each group is noted at the top. All groups were compared for statistical differences (*
P<0.0001) using a Kruskal-Wallis one-way analysis of variance, followed by Dunn’s multiple
comparison test. Histograms (B) of cell areas for double positive and double negative neurons
show that the largest cells are double negative. Normalized cumulative histograms of cell area

show that the singly labeled neurons were similar to the double positive cells.
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Figure 3. Differential expression of NPY in groups of sympathetic neurons sorted by GFP
fluorescence. Amplified cDNA preparations were assayed by gPCR for NPY and GAPDH. The
level of NPY expression relative to GAPDH was calculated for each sample from the ACr.
Higher levels of NPY were seen in GFP-positive neuronal groups when compared to the GFP-
negative groups (P=0.015, n=5 Mann-Whitney test). Box and whiskers denote the median, range

and 25-75%-tiles for each group.
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Figure 4. Comparison of hybridization signals from 12 samples run on Illumina bead-chip
arrays. Data from each array was plotted in rank order of signal intensity. Two of the samples
(red) yielded data that was systematically lower than the others and was removed from further
analysis. The other ten samples of GFP-positive (green) cells and GFP-negative (blue) cells,

which yielded comparable signal intensities, were analyzed for differential gene expression.
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Table 1 - mMRNA's expressed at higher levels in GFP-paositive neurons

symool | fo | e e | Foc
1 Npy 0.001 | 43282 | 35.3 12.26 | neuropeptide Y
2 Sqle 0.02 178.07 | 25.06 7.11 squalene epoxidase
3 P2ry6 0.01 254,13 | 45.31 5.61 pyrimidinergic receptor P2Y, G-protein coupled, 6
4 Rxfpl 0.0002 | 96.15 | 17.26 5.57 relaxin/insulin-like family peptide receptor 1
5 Dkk3 0.03 371.16 | 88.85 4.18 dickkopf homolog 3 (Xenopus laevis)
6 Kif2a 0.01 171.04 | 41.54 4.12 kinesin family member 2A
7 Nrep 0.01 107.8 | 26.56 4.06 neuronal regeneration related protein
8 Akap9 0.01 194.82 | 52.19 3.73 A kinase (PRKA) anchor protein (yotiao) 9
9 Chstl 001 | 9258 | 2571 | 3.60 gﬁlrftz)‘t’:‘aﬁdsrgggée{ata” sulfate Gal-6)
10 Akap9 0.01 216.27 | 62.12 3.48 A kinase (PRKA) anchor protein (yotiao) 9
11 Tspan8 0.04 178.26 | 51.52 3.46 tetraspanin 8
12 Siclad 0.02 9716 | 2859 3.40 solute carrier family 1 (glutamate/neutral amino

acid transporter),# 4
13 Zfp608 0.05 54.36 | 16.65 3.26 zinc finger protein 608
14 Tspanil8 0.01 54.44 | 16.76 3.25 tetraspanin 18

15 Semaé6d 0.01 121.95 | 38.15 3.20 semaphorin 6D

16 Atxn1l 0.03 131.89 | 42.55 3.10 ataxin 1-like

17 Pde3b 0.005 55.08 | 18.21 3.02 phosphodiesterase 3B, cGMP-inhibited

18 Rpl12 0.02 156.46 | 52.03 3.01 ribosomal protein L12

19 Rccl 0.02 94.73 | 32.65 2.90 regulator of chromosome condensation 1

20 Tenm2 0.05 57.83 20.1 2.88 teneurin transmembrane protein 2

21 Ptk2 0.03 71.33 | 24.95 2.86 PTK2 protein tyrosine kinase 2

22 Maob 0.01 68.29 24.03 2.84 monoamine oxidase B

23 Ss18 0.04 147.08 | 51.77 2.84 synovial sarcoma translocation, Chromosome 18
o Pdp1 0.01 7327 | 26.28 279 rs)xguuvnz?:eldehyrogenase phosphatase catalytic
25 Gnl2 0.04 108.88 | 39.22 278 ?nul?cr:(lanoelanr;mleoude binding protein-like 2

26 Sertad2 0.03 85.65 | 31.52 2.72 SERTA domain containing 2

27 Cd44 0.04 59.3 21.91 2.71 CD44 antigen

28 Ank?2 0.03 50.6 18.88 2.68 ankyrin 2, brain

29 Tfrc 0.03 65.32 | 24.64 2.65 transferrin receptor

30 Gm11425 0.02 1359 | 52.12 2.61 predicted gene 11425

adenylate cyclase activating polypeptide 1 receptor
1

32 Nkx6-2 0.04 55.48 22.22 2.50 NK6 homeobox 2

31 | Adcyaplrl | 0.01 87.94 | 34.64 2.54

nucleolar protein 3 (apoptosis repressor with

33 Nol3 0.03 80.15 | 32.71 2.45 CARD domain)

34 Mcf2l 0.03 62.57 25.9 2.42 mcf.2 transforming sequence-like
35 Scoc 0.03 78.59 | 32.77 2.40 short coiled-coil protein

36 Gkap1l 0.03 58.74 | 24.57 2.39 G kinase anchoring protein 1

37 Pitrm1 0.05 4554 | 19.16 2.38 pitrilysin metallepetidase 1
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38 Chmp2a 0.03 91.71 | 38.73 2.37 charged multivesicular body protein 2A

39 Kiflb 0.01 48.16 20.4 2.36 kinesin family member 1B

20 Wwp2 0.02 6761 | 28.64 236 \2NW domain containing E3 ubiquitin protein ligase

41 Ctnndl 0.04 33.34 | 14.14 2.36 catenin (cadherin associated protein), delta 1

42 Tpm4 0.03 47.99 20.39 2.35 tropomyosin 4

43 Hnrnpab 0.03 36.68 | 15.65 2.34 heterogeneous nuclear ribonucleoprotein A/B

44 Esyt2 0.04 72.18 | 30.92 2.33 extended synaptotagmin-like protein 2

45 Pip5kia 0.01 66.28 | 28.76 230 glk;c;]s;)hatldyllnosnol-4-phosphate 5-kinase, type 1

46 Matn4 0.004 47.9 20.86 2.30 matrilin 4

a7 Bclafl 0.01 105.93 | 46.16 2.29 BCL2-associated transcription factor 1

48 Psme3 0.01 35.05 | 15.73 2.23 proteaseome (prosome, macropain) 28 subunit, 3

49 Prps2 0.05 71.28 | 32.07 2.22 phosphoribosyl pyrophosphate synthetase 2

50 Mboat2 0.02 3724 | 16.87 291 meml_)rr_;me bound O-acyltransferase domain
containing 2

51 Fxyd5 0.05 35.03 | 15.99 2.19 FXYD domain-containing ion transport regulator 5

52 Isll 0.002 92.31 42.57 2.17 ISL1 transcription factor, LIM/homeodomain

53 Serinch 0.04 40.39 | 18.96 2.13 serine incorporator 5
54 Entpd5 0.04 41.77 19.9 2.10 ectonucleoside triphosphate diphosphohydrolase 5
55 Ankrd17 0.04 82.92 | 39.58 2.09 ankyrin repeat domain 17

56 Fdps 0.01 128.78 | 61.57 2.09 farnesyl diphosphate synthetase

57 Sord 0.03 32.1 15.37 2.09 sorbitol dehydrogenase

58 Jph4 0.03 41.65 | 19.96 2.09 junctophilin 4

59 Ppap2a 0.01 39.77 | 19.12 2.08 phosphatidic acid phosphatase type 2A

60 Arsa 0.04 4996 | 24.11 2.07 arylsulfatase A

61 Mff 0.05 3145 | 15.28 2.06 mitochondrial fission factor

62 | Abca3 005 | 29.76 | 1449 | 205 gzﬁggdgmg cassette, sub-family A (ABC1),
63 Faim2 0.03 84.78 | 41.44 2.05 Fas apoptotic inhibitory molecule 2

64 Vcl 0.02 39.58 19.52 2.03 vinculin

65 Uba7 0.03 41.88 | 20.66 2.03 ubiquitin-like modifier activating enzyme 7

budding uninhibited by benzimidazoles 3 homolog

66 Bub3 0.02 51.2 25.38 2.02 (S. cerevisiae)

67 Inpp5f 0.03 55.33 | 27.48 2.01 inositol polyphosphate-5-phosphatase F

68 12 0.04 39.78 | 19.93 2.00 interleukin enhancer binding factor 2

69 Ostml 0.04 60.13 | 30.14 2.00 osteopetrosis associated transmembrane protein 1

70 Tmem4la 0.02 45.35 | 22.78 1.99 transmembrane protein 41a

71 S100a6 0.03 269.72 | 135.7 1.99 S100 calcium binding protein A6 (calcyclin)
72 Zfyve27 0.01 48.01 | 24.16 1.99 zinc finger, FYVE domain containing 27

73 Zbtb17 0.04 34.47 | 17.35 1.99 zinc finger and BTB domain containing 17
74 Rbbp4 0.01 36.36 | 18.34 1.98 retinoblastoma binding protein 4

75 Dpy1914 0.02 37.52 | 19.25 1.95 dpy-19-like 4 (C. elegans)

76 Ddx47 0.05 33.74 175 1.93 DEAD (Asp-Glu-Ala-Asp) box polypeptide 47

KH domain containing, RNA binding, signal
transduction associated 1

77 Khdrbs1 0.01 38.59 | 20.05 1.92
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78 Mndal 0.04 30.64 | 16.11 1.90 myeloid nuclear differentiation antigen like

79 Map2k4 0.02 232.15 | 122.9 1.89 mitogen-activated protein kinase kinase 4

80 Scyll 0.01 37.98 | 20.35 1.87 SCYl1-like 1 (S. cerevisiae)

81 Epb4.112 0.004 27.83 | 1541 1.81 erythrocyte protein band 4.1-like 2

82 Cdip1l 0.03 49.28 | 27.38 1.80 cell death inducing Trp53 target 1

83 Cdipl 0.03 50.36 | 28.25 1.78 cell death inducing Trp53 target 1

84 Suz12 0.03 76.12 | 42.76 1.78 suppressor of zeste 12 homolog (Drosophila)

85 Rprd2 0.03 3205 | 1826 176 rzegulatlon of nuclear pre-mRNA domain containing

86 Dhx9 0.01 39.85 | 22.73 1.75 DEAH (Asp-Glu-Ala-His) box polypeptide 9

87 Rock?2 0003 | 3166 | 1817 | 174 | Rho-associated coiled-coil containing protein
kinase 2

88 Evi5 0.04 32.26 | 19.15 1.68 ecotropic viral integration site 5

89 Tnrc6a 0.04 55.3 33.03 1.67 trinucleotide repeat containing 6a

90 Atplb2 0.03 2496 | 15.13 1.65 ATPase, Na+/K+ transporting, beta 2 polypeptide
91 Cyr61 0.01 26.58 | 16.21 1.64 cysteine rich protein 61

nuclear paraspeckle assembly transcript 1 (non-

92 Neatl 0.01 423.43 | 262.9 1.61 ; ;

protein coding)
93 Msi2 0.04 34.23 | 21.35 1.60 musashi RNA-binding protein 2
94 Casp9 0.05 4571 | 28.52 1.60 caspase 9

tumor necrosis factor, alpha-induced protein 1
(endothelial)

96 Gm5545 0.02 2596 | 16.81 1.54 predicted gene 5545
potassium inwardly-rectifying channel, subfamily J,

95 Tnfaipl 0.04 56.74 | 35.91 1.58

97 Kcnj8 0.04 28.04 | 18.44 1.52

member 8
98 Tcf4 0.03 30.95 | 20.42 1.52 transcription factor 4
99 Tmem202 0.05 23.34 | 15.56 1.50 transmembrane protein 202
100 Acvrl 0.05 38.43 | 25.75 1.49 activin A receptor, type 1
101 Invs 0.01 23.41 | 1581 1.48 inversin
102 Gucdl 0.04 31.68 | 21.53 1.47 guanylyl cyclase domain containing 1
103 Ncoa4 0.02 21.73 | 15.08 1.44 nuclear receptor coactivator 4
104 Usp7 0.03 29.88 21.2 1.41 ubiquitin specific peptidase 7

Table 1. Candidate genes for preferential expression by GFP-positive sympathetic neurons.
Accounting for Npy at the top of the list and two genes that appear in duplicate (yellow) yields

101 unique candidates for preferential expression.
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Table 2 - mRNA's expressed at higher levels in GFP-negative neurons

p- Mean Mean Fold-
value | GFP+ GFP- | change

1 Sugpl 0.001 | 22.07 | 92.35 0.24 SURP and G patch domain containing 1

2 Dtna 0.02 17.35 | 70.87 0.24 dystrobrevin alpha

3 Tmem39a 0.01 23.45 | 88.36 0.27 transmembrane protein 39a

4 Mapk8ip2 | 0.002 | 22.31 83.2 0.27 mitogen-activated protein kinase 8 interacting protein 2

Symbol Gene Name

SPC25, NDC80 kinetochore complex component,
homolog (S. cerevisiae)

Fam110b | 0.004 | 33.77 | 114.13 0.30 family with sequence similarity 110, member B
Enah 0.002 35.1 118.19 0.30 enabled homolog (Drosophila)

5 Spc25 0.003 | 14.74 | 50.44 0.29

procollagen-proline, 2-oxoglutarate 4-dioxygenase
(proline 4-hydroxylase), alpha Il polypeptide

Fam110b | 0.004 | 33.61 | 112.11 0.30 family with sequence similarity 110, member B

10 Enah 0.005 | 32.73 106.1 0.31 enabled homolog (Drosophila)

11 Mtap 0.002 17.6 56.41 0.31 methylthioadenosine phosphorylase

12 | Slc25a38 0.04 38.91 | 123.76 0.31 solute carrier family 25, member 38

13 Polr3h 0.01 69.98 | 218.36 0.32 polymerase (RNA) Il (DNA directed) polypeptide H
14 Fam3c 0.01 33.48 | 103.47 0.32 family with sequence similarity 3, member C

15 Dhrs2 0.02 17.09 | 52.46 0.33 dehydrogenase/reductase member 2

6
7
8 P4ha2 0.01 31.24 | 104.74 0.30
9

16 Zfp60 0.04 15.3 43.75 0.35 zinc finger protein 60

17 Gdel 0.004 | 31.36 | 87.67 0.36 glycerophosphodiester phosphodiesterase 1

18 Ints6 0.01 20.61 56.8 0.36 integrator complex subunit 6

19 Ralgapb | 0.0001 | 33.4 89.3 0.37 S;Lﬂgase activating protein, beta subunit (non-
20 Fam3c 0.02 29.67 | 78.75 0.38 family with sequence similarity 3, member C

21 Cplx1 0.01 75.02 | 198.95 0.38 complexin 1

22 Rab6b 0.03 51.24 | 126.98 0.40 RAB6B, member RAS oncogene family

23 Rbm5 0.01 39.27 | 96.64 0.41 RNA binding motif protein 5

24 Ear4 0.02 20.02 48 0.42 eosinophil-associated, ribonuclease A family, member 4
25 Etnk1 0.05 17.85 42.6 0.42 ethanolamine kinase 1

26 Madd 0.02 16.55 | 39.39 0.42 MAP-kinase activating death domain

DCNZ1, defective in cullin neddylation 1, domain
containing 5 (S. cerevisiae)

28 Tprgl 0.03 20.83 | 48.38 0.43 transformation related protein 63 regulated like

27 Dcunld5 0.01 2797 | 65.89 0.42

calcium-binding tyrosine-(Y)-phosphorylation regulated
(fibrousheathin 2)

30 Tsenl5 0.05 32.37 | 73.93 0.44 tRNA splicing endonuclease 15 homolog (S. cerevisiae)

Bernardinelli-Seip congenital lipodystrophy 2 homolog
(human)

32 Rbm5 0.01 26.62 | 57.96 0.46 RNA binding motif protein 5
33 Zfand3 0.03 46.58 | 101.15 0.46 zinc finger, AN1-type domain 3
34 Uqcrl0 0.03 49.76 | 106.41 0.47 ubiquinol-cytochrome c reductase, complex Il subunit X

29 Cabyr 0.02 1454 | 33.21 0.44

31 Bscl2 0.04 26.66 | 60.08 0.44

35 Ckmtl 0.004 | 82.51 | 174.62 0.47 creatine kinase, mitochondrial 1, ubiquitous
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36 Hspb1l 0.02 26.37 | 54.01 0.49 heat shock protein 1
37 Thcd 0.03 16.05 | 32.71 0.49 tubulin-specific chaperone d

heat shock protein 90 alpha (cytosolic), class B member

38 | Hsp90abl | 0.02 24.26 | 49.18 0.49 1

39 Eif4e3 0.001 | 18.86 | 37.81 0.50 eukaryotic translation initiation factor 4E member 3

40 Rasgrp4 0.05 21.35 | 42.66 0.50 RAS guanyl releasing protein 4

41 Ypel5 0.02 19.8 39.51 0.50 yippee-like 5 (Drosophila)
42 Aip 0.05 24.63 | 48.84 0.50 aryl-hydrocarbon receptor-interacting protein
43 Nicnl 0.05 17.84 | 35.32 0.51 nicolin 1

44 Efcab2 0.05 16.37 | 31.35 0.52 EF-hand calcium binding domain 2
45 | Tmprssi15 0.03 17.85 | 33.85 0.53 transmembrane protease, serine 15
46 R3hccll 0.03 16.12 | 30.45 0.53 R3H domain and coiled-coil containing 1 like

47 Slc35e2 0.04 27.34 | 51.08 0.54 solute carrier family 35, member E2

succinate dehydrogenase complex, subunit C, integral
membrane protein

49 Josd2 0.001 | 22.04 | 39.45 0.56 Josephin domain containing 2

50 Khk 0.02 20.24 | 36.08 0.56 ketohexokinase

51 Erp29 0.05 74.84 | 133.34 0.56 endoplasmic reticulum protein 29

52 Rbm5 0.02 21.86 | 38.86 0.56 RNA binding motif protein 5

53 Rasgrpl 0.03 14.26 | 24.45 0.58 RAS guanyl releasing protein 1

54 Ubxn2b 0.04 15.6 26.71 0.58 UBX domain protein 2B

55 Ndufv2 0.003 | 105.69 | 178.84 0.59 NADH dehydrogenase (ubiquinone) flavoprotein 2

membrane associated guanylate kinase, WW and PDZ
domain containing 1

57 Pgs1 0.03 26.48 | 43.16 0.61 phosphatidylglycerophosphate synthase 1
58 Secllc 0.04 | 108.98 | 177.62 0.61 SEC11 homolog C (S. cerevisiae)

59 Rnf181 0.04 22.61 36.8 0.61 ring finger protein 181

60 Gm1667 0.04 19.69 | 31.93 0.62 predicted gene 1667

61 Stral3 0.04 16.63 | 26.95 0.62 stimulated by retinoic acid 13

48 Sdhc 0.005 | 25.08 | 45.61 0.55

56 Magil 0.05 19.07 | 31.12 0.61

62 Rbms3 0.03 15.23 | 24.65 0.62 RNA binding motif, single stranded interacting protein

63 Chchdl 0.04 75.85 | 122.36 0.62 coiled-coil-helix-coiled-coil-helix domain containing 1
64 Nkain2 0.005 | 15.14 | 24.36 0.62 Na+/K+ transporting ATPase interacting 2

65 P2rx1 0.05 19.82 | 31.35 0.63 purinergic receptor P2X, ligand-gated ion channel, 1
66 Brd2 0.02 | 117.59 | 184.51 0.64 bromodomain containing 2
67 Sdhe 003 | 144.33 | 226.02 0.64 succinate dehydrogenase complex, subunit C, integral

membrane protein
68 Pclo 0.04 51.5 79.86 0.64 piccolo (presynaptic cytomatrix protein)
69 Cxxla 0.04 | 122.37 | 186.93 0.65 CAAX box 1A

70 Fam53a 0.01 20.33 | 31.01 0.66 family with sequence similarity 53, member A

71 Mast2 0.01 21.85 33.29 0.66 microtubule associated serine/threonine kinase 2

72 Ep400 0.04 15.61 | 23.76 0.66 E1A binding protein p400
73 Slitrk5 0.05 19.21 | 28.73 0.67 SLIT and NTRK-like family, member 5
74 Lss 0.05 30.69 449 0.68 lanosterol synthase
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75 Pgm5 0.03 14.22 | 20.79 0.68 phosphoglucomutase 5
76 | Serpinalb 0.02 1523 29 0.69 serine (or cysteine) preptidase inhibitor, clade A,
member 1B

77 Ggnbp2 0.05 | 123.76 | 178.47 0.69 gametogenetin binding protein 2
78 Cdk14 0.04 15.71 | 21.58 0.73 cyclin-dependent kinase 14

79 Paqr9 0.05 21.08 | 28.46 0.74 progestin and adipoQ receptor family member IX
80 Fkbp8 0.04 19.28 | 25.91 0.74 FK506 binding protein 8

Table 2. Candidate genes for preferential expression in GFP-negative sympathetic neurons. Five

genes are listed multiple times (yellow) resulting in 74 unique candidates.
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