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Gucy2d selectively marks inhibitory dynorphin
neurons in the spinal dorsal horn but is dispensable
for pain and itch sensitivity
Elizabeth K. Serafina,*, Robert Burnsa, Judy Yooa,b, Mark L. Bacceia

Abstract
Introduction: Inhibitory neurons in the spinal dorsal horn can be classified based on expression of neurochemical marker genes.
However, thesemarker genes are often expressed throughout the central nervous system, which poses challenges formanipulating
genetically identified spinal neurons without undesired off-target effects.
Objectives:We investigated whetherGucy2d, previously identified as a highly selective marker of dynorphin-lineage neurons in the
dorsal horn, is expressed in other locations within the adult mouse spinal cord, dorsal root ganglia (DRG), or brain. In addition, we
sought to molecularly characterizeGucy2d-expressing dorsal horn neurons and investigate whether the disruption ofGucy2d gene
expression affects sensitivity to itch or pain.
Methods: In situ hybridization experiments assessed Gucy2d mRNA expression in the adult mouse spinal cord, DRG, and brain,
and its colocalization with Pax2, Bhlhb5, and Pde2a in dorsal horn neurons. Knockout mice lacking Gucy2d expression were
compared with littermate controls to assess sensitivity to chloroquine-induced itch and dry skin-mediated chronic itch, as well as
heat, cold, or mechanical stimuli.
Results: Gucy2d is selectively expressed in dynorphin-lineage neurons in lamina I-III of the adult mouse spinal cord but not in the
brain or DRG. Spinal Gucy2d-expressing neurons are inhibitory neurons that also express the transcription factor Bhlhb5 and the
cGMP-dependent phosphodiesterase Pde2a. Gucy2d knockout mice did not exhibit altered responses to itch or pain.
Conclusions: The selective expression of Gucy2d within a subpopulation of inhibitory dorsal horn neurons may yield a means to
selectively manipulate inhibitory signaling at the level of the spinal cord without effects on the brain.
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1. Introduction

Inhibitory neurons in the spinal dorsal horn (DH) can be classified
into subpopulations based on their expression of neurochemical
markers such as galanin, neuronal nitric oxide synthase (nNOS),

neuropeptide Y, parvalbumin, and dynorphin.8,47,56 These
subpopulations can regulate distinct aspects of somatosensory
processing, as the ablation of mature DH interneurons from the
prodynorphin (Pdyn) or parvalbumin lineages produces mechan-
ical allodynia,18,44 while the lesion of spinal neurons from the
neuropeptide Y lineage evokes chronic itch.7 Although these
classifications have been instrumental in dissecting the role of
each subpopulation in the context of local inhibitory microcircuits,
the above marker genes can also exhibit widespread expression
across the brain and dorsal root ganglia (DRG).37,55,58 This lack of
selectivity poses significant challenges to manipulating the
function of spinal populations of interest without using in-
tersectional genetic approaches or simultaneously inducing off-
target effects in other areas of the nervous system.

GABAergic neurons derived from the Pdyn lineage establish
monosynaptic inputs onto lamina I spinoparabrachial neu-
rons,10,25 which transmit noxious signals to supraspinal cen-
ters.5,30,57 However, in addition to the DH, dynorphin-expressing
neurons are found in sensory ganglia,55 the lateral hypothala-
mus,14 bed nucleus of the stria terminalis,17 and multiple regions
of the neocortex.51 Moreover, the activation of Pdyn-lineage
neurons in the brain has been linked to conditioned fear,33

anxiety,17 stress-induced compulsive behaviors,1 aversion,2,20
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and reward-seeking behavior.2,22 Thus, the inability to selectively
manipulate the excitability of dynorphin neurons at the level of the
DH remains a significant obstacle to targeting this neuronal
population in the design of novel analgesic strategies.

Our previous RNAseq study of Pdyn-lineage spinal DH nuclei
revealed a striking enrichment for Gucy2d, encoding guanylate
cyclase D (GC-D).49 In situ hybridization confirmed this high
selectivity within lamina I-III of the DH, but expression in other key
regions of the nervous system such as the brain and DRG
remains unknown. Guanylate cyclase D has been detected within
a subset of neurons in themain olfactory epithelium (MOE), where
it seems to be required for chemosensation of certain odorants
and semiochemicals,21,28,31,34,41 but its function in the spinal
cord is unclear. The high selectivity of Gucy2d for dynorphin-
expressing neurons raises the possibility that GC-D modulates
pain or itch,18,29,32 but this has not been investigated to date.

Here, we show that Gucy2d mRNA expression within the
central nervous system (CNS) and DRG appears restricted to
inhibitory neurons of the spinal DH, but global Gucy2d knockout
mice do not exhibit aberrant responses tomechanical, thermal, or
cold stimuli, nor to chloroquine (CLQ)- or dry skin–mediated itch.
Although further study will be required to elucidate the potential
role of GC-D in somatosensory processing, manipulating the
neuronal population identified by the marker gene Gucy2d could
represent a new strategy to suppress pain and itch signaling with
remarkable spatial specificity.

2. Methods

2.1. Animals

All animal experiments were performed in accordance with
University of Cincinnati Institutional Animal Care and Use
Committee policies. C57Bl6/J mice were obtained from The
Jackson Laboratory (Stock #00664), and Gucy2d-IRES-Mapt-

lacZmice34 were a kind gift fromDr. Steven D.Munger (University
of Florida). Briefly, portions of exons 2 to 3 of the Gucy2d gene
were replaced by an IRES-Mapt-lacZ reporter cassette, thereby
disrupting expression.

2.2. Tissue preparation and in situ hybridization

Adult (9–12 weeks) C57Bl6/J or Gucy2d-IRES-Mapt-lacZ mice of
either sex were euthanized via sodium pentobarbital overdose and
transcardially perfused with 0.1M phosphate buffer (PB) followed by
4% paraformaldehyde in PB. Lumbar spinal cords and DRG were
postfixed for an additional 2 hours in 4% paraformaldehyde, while
brains were postfixed for an additional 6 hours. Fixed tissue was
transferred to 30% sucrose in RNAse-free 0.01M phosphate-
buffered saline and stored overnight at 4˚C. Fourteen-mm tissue
sections were cut on a Leica 1860CM cryostat and mounted on
SuperFrost Plus slides (Fisher).

In situ hybridization experiments were conducted using
RNAScope Multiplex Fluorescent Kit v2 (Advanced Cell Diag-
nostics) according to manufacturer’s directions. RNAScope
probes for Gucy2d (425451-C2), Pax2 (448981-C3), Bhlhe22
(identified in this study as Bhlhb5; 467641), Pde2a (426381-C3),
and DapB (310043) were used with TSA Plus Cyanine 3 and
Cyanine 5 systems (PerkinElmer) for visualization.

2.3. Image acquisition and analysis

Images were captured on a BZ-X810 inverted fluorescent
microscope (Keyence) or a BX63 upright fluorescent microscope

(Olympus) using cellSens Dimension Desktop Software (Olym-
pus). Images obtained under 20X or 40X magnification were
acquired as Z-stack images and projected as Extended Focal
Images. Lower-magnification images were acquired using 4X or
10X magnification and a single focal plane. For quantitative in situ
experiments, 3 to 4 nonadjacent lumbar spinal cord sections from
each of 3 mice were evaluated. Cells were considered to be
positive for a given target only if 4 or more puncta in the
appropriate fluorescent channel were detected within or touching
the boundary of the DAPI-stained nucleus of that cell.

2.4. Investigation of Gucy2d expression in single dynorphin-
lineage dorsal horn nuclei

Our previously obtained transcriptional data set of single DH
nuclei derived from the prodynorphin (Pdyn) lineagewas analyzed
to interrogate which subpopulations of Pdyn neurons express
Gucy2d. Data processing, bioinformatic analysis, clustering, and
differential gene expression analysis are described in a prior
publication.50 Figures related to this data set were generated in
Seurat v3.1.11,53

2.5. Behavioral testing

All behavioral assays were conducted on adult (7 weeks or older)
Gucy2d 1/1, Gucy2d 1/2, and Gucy2d 2/2 littermates of either
sex. A full list of the numbers, Gucy2d genotypes, and sexes of
the animals used in each experiment is provided in table ST1
(supplemental digital content, available at http://links.lww.com/
PR9/A125). All statistical analyses were conducted in GraphPad
Prism 8.4.3 (GraphPad Software; La Jolla, CA). All data sets were
assessed for normality (Shapiro–Wilk test) to determine whether
to use a parametric (ordinary one-way analysis of variance) or
nonparametric (Kruskal–Wallis) test.

2.5.1. Mechanical sensitivity

Mice were placed in individual clear acrylic enclosures atop a wire
mesh platform to allow 5 successive presentations of calibrated
von Frey monofilaments (filament range 6–13) to the plantar
surface of the left hind paw, with an interval of at least 5 minutes
between presentations. Mechanical paw withdrawal thresholds
were calculated according to the simplified up-down method.6

2.5.2. Heat sensitivity

Mice were placed in individual clear acrylic enclosures atop a raised
glass plate. A Hargreaves apparatus (Model 390, series 8 IITC Life
Science Inc; Woodland Hills, CA) was used to apply a 4 3 6-mm
beam of light (25% of maximum intensity) to the glass below the
plantar surface of the subject’s left hind paw. The time to paw
withdrawal was measured, with a preset cutoff time of 20 seconds.
Each subject received 3 presentations of the heat stimulus with at
least 5 minutes between successive presentations. The mean
withdrawal latency of all 3 presentations is reported for each animal.

2.5.3. Cold sensitivity

Mice were placed in individual clear acrylic enclosures atop a
raised 3/160 borosilicate glass plate (Stemmerich, Inc; St. Louis,
MO). A cold probe consisting of a packed dry ice pellet contained
in a 3-mL syringe was applied to the glass below the plantar
surface of the left hind paw.9 The time to paw withdrawal was
measured, with a preset cutoff time of 20 seconds. Each subject
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received 4 presentations of the cold stimulus with at least 5
minutes between successive presentations. The mean with-
drawal latency of all 4 presentations is reported for each animal.

2.5.4. Chloroquine-induced itch

Mice were placed in individual clear acrylic enclosures atop a
mirrored surface and surrounded by mirrors. Two hundred fifty
micrograms of CLQ (Sigma Aldrich; St. Louis, MO) dissolved in 25
mL of sterile 0.9% saline was administered intradermally to the
nape of the subject’s neck, which had been shaved at least 24
hours before testing. Spontaneous scratching behavior was
filmed for 30 minutes after administration of CLQ, and the total
time spent scratching was quantified over the duration of filming.

2.5.5. Dry-skin model of itch (acetone–ether–water)

Chronically dry skin was induced using the acetone–ether–water
model.40 Under isoflurane anesthesia, a 1:1 mixture of acetone:
diethyl ether was applied to the previously shaved nape of the
subject’s neck for 15 seconds, and then water was applied to the
same area for 30 seconds. Application was administered twice a
day for 5 to 7 consecutive days. The day after the final adminis-
tration, spontaneous scratching behavior was filmed for one
hour. The total time spent scratching was quantified over the
duration of filming.

3. Results

3.1. Gucy2dmRNA expression in the central nervous system
and dorsal root ganglia

Previous studies of GC-D (encoded by Gucy2d) expression and
function in the rodent have focused on its role in olfaction and thus
have been limited to the MOE and olfactory glomer-
uli.3,21,23,31,34,38,41,61 Although the initial characterization of
Gucy2d expression in the rodent revealed a lack of expression
in a variety of tissues, including heart, kidney, liver, pineal gland,
and others,21 CNS tissuewas not examined. In addition, although
we have reported Gucy2d mRNA expression in the spinal

DH,49,50 these studies did not assess expression in the ventral
horn (VH) or DRG. To determine whether Gucy2d is expressed in
previously unassessed regions of the nervous system, in situ
hybridization for Gucy2d mRNA was conducted on sections of
spinal cord, DRG, and brain of adult C57Bl6/J mice.

Gucy2dmRNAwas detected in lamina I-III of the lumbar spinal
cord but was absent from the deep DH and VH (Fig. 1A). To
confirm specificity of theGucy2d signal, globalGucy2d knockout
mice34 were evaluated with the same in situ hybridization probe
(which targets the deleted region). Mice heterozygous forGucy2d
exhibit a noticeable reduction in mRNA expression within the DH
(Fig. 1B), and expression appears essentially absent in homo-
zygous knockout (Gucy2d‒/‒) mice (Fig. 1C). Thus, tissue
sections from Gucy2d‒/‒ mice were used as negative controls
in subsequent in situ hybridization experiments.

The DRGwere notably lacking inGucy2d expression (Fig. 1D),
and brain sections through both the parasagittal and coronal
planes did not reveal any sites of Gucy2d expression (Figs. 1E
and 2). This is consistent with a published single-cell RNAseq
survey of the mouse nervous system, which detected Gucy2d
expression in cell clusters corresponding to inhibitory spinal cord
neurons but not in clusters corresponding to the DRG,
sympathetic ganglia, or almost all examined brain regions.60

Minimal expression was detected in a cluster corresponding to
inhibitory neurons of the hindbrain, most likely the paragiganto-
cellular nucleus.60 However, our in situ hybridization experiments
did not revealGucy2d expression in this area (Fig. 2A). Initially, we
noticed what appeared to beGucy2dmRNA adjacent to nuclei in
the glomerular layer of the rostral olfactory bulb, potentially
corresponding to axonal mRNA within fibers originating from the
olfactory sensory neurons in the MOE (Fig. 1E, asterisk, and Fig.
S1A-B; supplemental digital content, available at http://links.lww.
com/PR9/A125), but this was inconsistent with findings that
Gucy2d-expressing MOE neurons project exclusively to the
necklace glomeruli located at the caudal edge of the bulb.16,34,42

Further investigation revealed that this signal was also present in
negative control experiments in which the Gucy2d probe was
applied to tissue fromGucy2d knockout mice, as well as negative
control experiments conducted in wild-type mice using an in situ
hybridization probe against the bacterial gene DapB (Fig. S1C-E;

Figure 1.Gucy2d is expressed in the spinal dorsal horn but not in the dorsal root ganglia or brain. (A)Gucy2dmRNA (white) is strongly expressed in the superficial
dorsal horn (SDH) but not the deeper dorsal horn laminae or the ventral horn. Scale bar5 500mm. (B)Gucy2dmRNA expression detected by in situ hybridization is
reduced in mice heterozygous for Gucy2d expression and (C) abolished in homozygous Gucy2d knockout mice. Scale bars in B-C5 50 mm. (D) Gucy2dmRNA
(magenta) was not detected in dorsal root ganglia. Scale bar 5 100 mm, inset scale bar 5 20 mm. Nuclei are stained with DAPI, 49,6-diamidino-2-phenylindole
(blue). (E) A representative parasagittal section of the brain shows a lack ofGucy2dmRNA (white). Although fluorescent signal was detected in the glomerular layer
of the rostral olfactory bulb (asterisk), it was determined not to be specific for Gucy2d mRNA (see supplemental Fig. S1, available at http://links.lww.com/PR9/
A125). Scale bar 5 1 mm.

6 (2021) e947 www.painreportsonline.com 3

http://links.lww.com/PR9/A125
http://links.lww.com/PR9/A125
http://links.lww.com/PR9/A125
http://links.lww.com/PR9/A125
www.painreportsonline.com


supplemental digital content, available at http://links.lww.com/
PR9/A125). We therefore believe this signal to be nonspecific and
conclude that somatic Gucy2d expression within the CNS is
restricted to the spinal DH.

3.2. Characterization of Gucy2d-expressing neurons in the
spinal dorsal horn

Gucy2d-expressing cells were predominantly localized to lami-
nae I and II of the DH (18.79%6 1.61% and 76.44%6 1.68% of
the total Gucy2d1 cells, respectively), although a small percent-
age (4.19% 6 0.84%) resided in lamina III (Fig. 3A, B; n 5 23
sections from 4 mice). Our previous RNAseq study revealed that
;94% of Gucy2d-expressing cells in lamina I-III coexpressed
Pdyn mRNA, encoding the opioid peptide dynorphin, although
only ;53% of Pdyn-expressing cells coexpressed Gucy2d.49

Because the Pdyn lineage within the DH includes both inhibitory
and excitatory neurons,8,18 we analyzed our previously obtained
transcriptional data set of single nuclei derived from the Pdyn
lineage50 to determine which of these cell types expressGucy2d.

Gucy2d expression within single Pdyn-lineage spinal nuclei
(Fig. 3C) was most highly enriched in a large cluster of inhibitory
neurons that also express galanin and phosphodiesterase 11.50

In our previous study, clusters of spinal Pdyn-lineage neuronal
nuclei were assessed for expression of inhibitory marker genes
Gad1, Gad2, Slc32a1 (VGAT), and Slc6a5 (GlyT2), or excitatory
marker gene Slc17a6 (VGLUT2), and designated as either
“inhibitory” or “excitatory” based on which set of genes was
expressed more highly within the cluster (Fig. 3D).50 By
comparing these aggregate populations, Gucy2d was more
highly expressed within inhibitory neurons compared with
excitatory neurons (Fig. 3E). This confirms other single-cell and
single-nucleus analyses that find enriched Gucy2d expression in
inhibitory neuronal clusters.26,48,60

To further confirm that Gucy2d is expressed primarily in
inhibitory neurons, we performedmultiplex in situ hybridization for

Gucy2d and inhibitory marker gene Pax2, a transcription factor
required for GABAergic fate in the DH.12 We found that a large
majority (89.36% 6 1.57%; n 5 12 sections from 3 mice) of
Gucy2d-expressing neurons also expressed Pax2, further
supporting the hypothesis that these are predominantly inhibitory
neurons (Fig. 4A). Although this coexpression incidence may
allow the possibility of a small subset of excitatory Gucy2d1
neurons, we note that while virtually all spinal inhibitory neurons
express Pax2 during early development, it is expressed by only
;93% of Gad671 neurons and;92% of GlyT21 neurons in the
adult mouse spinal cord.45 The high selectivity for Gucy2d

expression within Pdyn-lineage neurons49 also raised the
possibility thatGucy2d1 neurons express the transcription factor
Bhlhb5, which is necessary for the development of a subset of
dynorphin-expressing DH neurons.32,46 Multiplex in situ hybrid-
ization using probes against Gucy2d and Bhlhb5 revealed that
virtually all (98.71% 6 0.68%; n 5 11 sections from 3 mice)
Gucy2d1 cells coexpress Bhlhb5 (Fig. 4B). However, Bhlhb5
expression was present in the majority of DH cells and did not
appear specific to Gucy2d-expressing neurons. Finally, in the
MOE, cGMP-stimulated phosphodiesterase 2 (PDE2) is found
selectively in GC-D1 olfactory sensory neurons.23,31,38 To
determine whether this phosphodiesterase is similarly restricted
to Gucy2d-expressing cells in the spinal cord, we performed
multiplex in situ hybridization against Gucy2d and Pde2a
(encoding PDE2). Although most Gucy2d-expressing cells coex-
pressed Pde2amRNA (93.98%6 1.58%; n5 11 sections from 3
mice), Pde2a expression waswidespread throughout the DH and
did not seem selective for Gucy2d-expressing neurons (Fig. 4C).

3.3. Effects of Gucy2d knockout on pain and itch

To examine the role of Gucy2d expression in the response to
nociceptive and pruriceptive stimuli, we compared homozygous
Gucy2d knockout mice (i.e., Gucy2d‒/‒) to heterozygous
(Gucy2d1/‒) and wild-type (Gucy2d1/1) littermate controls. Given

Figure 2.Gucy2d is not expressed in the brain. In situ hybridization experiments reveal the absence ofGucy2dmRNA (white) throughout the brain. Selected brain
regions are shown: (A) hindbrain, (B) lateral hippocampus, (C) thalamus and anterior hippocampus, (D) amygdala and lateral hypothalamus, (E) primary sensory
cortex and primary/secondary motor cortex, and (F) cerebellum. Distances from bregma (A–E) or frommidline (F) are approximated based on Paxinos & Franklin’s
The Mouse Brain in Stereotaxic Coordinates fourth Ed. Scale bars5 200 mm. 4 V, fourth ventricle; DPGi, dorsal paragigantocellular nucleus; Gi, gigantocellular
reticular nucleus; CA1, field CA1 of the hippocampus; CA3, field CA3 of the hippocampus; DG, dentate gyrus of the hippocampus; LV, lateral ventricle; AH,
anterior hippocampus; Th, lateral thalamic nuclei; D3V, dorsal third ventricle; LH, lateral hypothalamus; AA, amygdaloid area; S1, primary sensory cortex of the
hind limb; M1, primary motor cortex; M2, secondary motor cortex; CC, corpus callosum; Int, interposed cerebellar nucleus; Icp, inferior cerebellar peduncle;
Crus2, crus2 of the ansiform lobule; PM, paramedian lobule.
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that spinal dynorphin-expressing neurons suppress itch,29,32,46

mice were assayed for their response to acute itch in the form of
intradermal CLQ injection and chronic, dry skin–mediated itch
induced by repeated application of acetone–ether–water. The

total time mice spent scratching was not affected by Gucy2d
genotype in either assay (Fig. 5). Next, mice of all 3 Gucy2d
genotypes were assayed for sensitivity to a mechanical stimulus,
radiant heat stimulus, or cold stimulus. Gucy2d genotype did not

Figure 4. Spinal Gucy2d-expressing neurons in laminae I-III coexpress Pax2, Bhlhb5, and Pde2a. (A) Neurons expressing Gucy2dmRNA (magenta) coexpress
Pax2mRNA (green). (B) Bhlhb5mRNA (green) and (C) Pde2amRNA (green), encoding cGMP-stimulated phosphodiesterase 2, were also detected in Gucy2d1
neurons. Scale bars in low-magnification (20X) panels5 50mm. Individual fluorescent channels are shown at highmagnification (40X) in panels 1 to 3; scale bars5
20 mm. Nuclei are stained with DAPI, 49,6-diamidino-2-phenylindole (blue).

Figure 3.Gucy2d is selectively expressedwithin spinal inhibitory neurons located in lamina I to III. (A)Gucy2dmRNA (white) was detected in cells within laminae I-III of the
spinal dorsal horn. Scalebar550mm. (B) Themajority ofGucy2d-expressing cells reside in lamina II (76.44%61.68%), although smaller percentagesare located in lamina
I (18.79%6 1.61%) or III (4.19%6 0.84%). N5 23 sections from 4 mice. (C) UMAP plot showing normalized Gucy2d expression in single prodynorphin-lineage spinal
nuclei. (D)UMAPplot of prodynorphin-lineage spinal nuclei identifying inhibitory (red) andexcitatory (blue) neuronclusters.Nonneuronal or indeterminate clusters (gray)were
not classified. (E) A comparison ofGucy2d expression levels in neurons in designated inhibitory clusters (red) anddesignated excitatory clusters (blue) indicates higher levels
of expression in inhibitory neurons. Violin plot in E depicts scaled and log-transformed normalized expression (gene UMIs/total cell UMIs). Single-nucleus RNA sequencing
data shown in panels C-E obtained in previously published study.50 UMAP, Uniform Manifold Approximation Projection.
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significantly affect mechanical paw withdrawal thresholds or the
latency to withdraw from a noxious heat or cold stimulus (Fig. 6).
This suggests that GC-D is dispensable for normal responses to
pain and itch, but further study will be required to assess the
potential modulatory role of the inhibitory DH neurons that
express this marker gene.

4. Discussion

Spinal dynorphin neurons provide a substantial source of direct
inhibition onto lamina I spinoparabrachial neurons10,25 and therefore
likely modulate nociceptive transmission to the brain. However, the
spinal dynorphin population also includes excitatory neurons, thus
requiring intersectional genetic strategies to selectively manipulate
the inhibitory subset. Moreover, dynorphin neurons are found in
several brain regions and the DRG,14,17,51,55 often necessitating
invasive intraspinal delivery of pharmaceuticals or genetic payloads
to limit effects to the spinal cord alone. Our present findings suggest
that the marker gene Gucy2d could be used as a genetic tool to
circumvent these requirements due to its high selectivity for inhibitory
dynorphin neurons in the superficial DH.

4.1. Gucy2d expression in the central nervous system is
limited to inhibitory dorsal horn neurons

Gucy2d expression was remarkably selective for laminae I-III of
the spinal cord, as we did not detectGucy2dmRNA elsewhere in
the spinal cord, brain, or DRG (Figs. 1 and 2). Althoughwe did not
examine trigeminal or sympathetic ganglia, published RNAseq

studies have not reported Gucy2d expression in these tis-
sues.4,36,60 Unbiased single-nucleus RNAseq analysis of
dynorphin-lineage spinal neurons,50 a population which encom-
passes nearly all Gucy2d1 neurons,49 revealed higher normal-
ized expression ofGucy2d in inhibitory neuron clusters compared
to excitatory clusters (Fig. 3), with most expression found in
clusters characterized by galanin or nNOS expression.50 Overall,
we conclude that in the adult mouse CNS, Gucy2d expression is
restricted to inhibitory interneurons of the superficial DH (Fig. 4),
thereby potentially providing a novel genetic tool to facilitate cell
type–specific manipulations.

Olfactory sensory neurons (OSNs) expressing GC-D have a
distinct gene expression profile lacking components of the
typical cAMP-biased odorant signaling transduction pathway
but enriched in cGMP-stimulated phosphodiesterase 2A
(Pde2a), carbonic anhydrase 2 (Car2), and several members
of theMS4A receptor family.23,31 In contrast to other OSNs, they
seem to use a noncanonical cGMP-biased pathway that
ultimately modulates a cyclic nucleotide-gated (CNG) channel
that includes subunit a3, encoded byCnga3.34,38 However, this
distinct gene expression profile does not seem to be re-
capitulated in the spinal cord. Although Pde2a is expressed in
spinalGucy2d1 neurons, it is not selective for this population as
seen in the MOE (Fig. 4). Likewise, Car2 and some MS4A
receptors have been detected in the spinal cord48 but do not
appear to be enriched in the dynorphin-lineage population,
which includes virtually all Gucy2d1 neurons,49 and spinal
Cnga3 expression has not been reported to date.26,48,60

Figure 6. Global Gucy2d knockout mice do not exhibit altered response to nociceptive stimuli. (A) No effect of Gucy2d genotype was observed on the mechanical paw
withdrawal threshold (PWT; in gram Force) of naive adult mice (Kruskal–Wallis test; P5 0.92, Kruskal–Wallis statistic5 0.18). (B) Latency to withdraw (in seconds) from a
radiant noxious heat stimulus was unaffected byGucy2d genotype (Kruskal–Wallis test; P5 0.36, Kruskal–Wallis statistic5 2.07). Each data point represents the mean
latency of 3 stimulus presentations per animal. (C) Latency towithdraw (in seconds) fromanoxious cold stimuluswas unaffected byGucy2dgenotype (one-wayANOVA;P
5 0.24, F(2, 36) 5 1.50). Each data point represents the mean latency of 4 stimulus presentations per animal. ANOVA, analysis of variance.

Figure 5. Global Gucy2d knockout mice do not exhibit altered response to pruriceptive stimuli. (A) Quantification of time spent scratching (in seconds) over a 30-
minute period after the intradermal injection of chloroquine. No effect of Gucy2d genotype was observed (one-way ANOVA; P 5 0.44, F(2, 35) 5 0.84). (B)
Quantification of time spent scratching (in seconds) over a 1-hour period after induction of dry skin by repeated application of acetone: ether and water (AEW). No
effect of Gucy2d genotype was observed (Kruskal–Wallis test; P 5 0.23, Kruskal–Wallis statistic 5 2.92). ANOVA, analysis of variance.
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Nevertheless, the function of GC-D in the spinal cord may be
substantially different than in the olfactory system, and it may
exert its effects through alternative CNG channels or other
cGMP-related processes. Notably, natriuretic peptide receptor
1, another member of the membrane-spanning family of
guanylate cyclases, is required for the propagation of pruri-
ceptive signals through a gastrin-releasing peptide–mediated
pathway in the DH.39,52 Although the intracellular mechanisms
linking natriuretic peptide receptor 1–stimulated production of
cGMP to the release of gastrin-releasing peptide remain
unknown, this raised the possibility that GC-D also regulates
spinal pruriceptive signaling.

4.2. Gucy2d expression is dispensable for pruriceptive and
nociceptive sensitivity

Spinal dynorphin neurons modulate itch and mechanical sensitiv-
ity,10,18,29,32 and also provide inhibitory input onto a subset of
lamina I spinoparabrachial neurons that respond to cold stimuli.25

However, Gucy2d knockout mice exhibited no alterations in the
response to CLQ-induced itch, chronic dry skin–mediated itch, or
to mechanical, heat, or cold stimuli (Figs. 5 and 6) compared to
littermate controls. Nevertheless, this does not exclude the
possibility that the population of neurons marked by Gucy2d

expression plays a modulatory role in the spinal processing of one
or more of these sensory modalities, even if GC-D itself is
dispensable. Further study may also determine whether the role
of GC-D is unmasked in the context of chronic injury or after
hyperalgesic priming.

Although disruption ofGucy2d expression had no effect on pain
or itch, the ability to selectively manipulate theGucy2d-expressing
neuronal population may yet provide a means to clarify the
apparent dual role of spinal dynorphin neurons in modulating pain
vs itch. Mice lacking the transcription factor Bhlhb5, in which a
subset of inhibitory dynorphin-expressing neurons (B5-I neurons)
fails to develop, exhibit spontaneous itch and exacerbated
responses to evoked itch but normal responses to mechanical,
heat, and cold stimuli.32,46 B5-I neuronsmostly reside in laminae I-
II,46 which is also where most Gucy2d-expressing neurons are
located. B5-I neurons also express galanin and nNOS,32 which are
differentially expressed marker genes of inhibitory neuron clusters
in whichGucy2d is also highly enriched.50 Meanwhile, the ablation
of inhibitory dynorphin-lineage spinal neurons identified by the
genetic intersection of Pdyn and Lbx1, which include neurons in
both superficial and deep DH laminae, evokes mechanical
allodynia without altered itch sensitivity.18 It is hypothesized that
different subpopulations of spinal dynorphin neurons modulate
these 2modalities,13,18 but thus far themolecular identities of each
of these subpopulations, and the extent to which they overlap, are
unclear. Further experiments that use genetic approaches to
specifically and reversibly manipulate the subset of dynorphin
neurons residing in the superficial DH, via targeting the Gucy2d
population, may yield additional insight into the relative roles of
superficial vs deep dynorphin neurons in spinal somatosensory
processing.

4.3. Limitations and Future directions

Although in situ hybridization and both population-level and
single-cell RNA sequencing of spinal cord neurons reliably
detect Gucy2d mRNA, it remains unknown whether this
mRNA is translated into functional GC-D in the spinal cord.
Therefore, we cannot exclude the possibility that the absence
of a pain- or itch-related behavioral phenotype resulting from

disruption of the Gucy2d gene is due to a lack of spinal GC-D
expression even in wild-type mice. Although the lack of an
available GC-D antibody precluded investigation of protein-
level expression in this study, studies using Gucy2d-IRES-
Mapt-lacZ mice have revealed significant phenotypes of
Gucy2d knockout when evaluated with assays to assess
socially transmitted food or odor preference.41,61 These
results suggest functional protein-level expression in the
olfactory epithelium, but posttranscriptional regulation may
ultimately suppress expression in spinal neurons. It also
remains possible that even if GC-D protein is expressed, its
activating ligand is not present in the spinal cord. Guanylin and
uroguanylin, short peptides found in urine, activate GC-D at
the extracellular domain,15,19,34,41 although intracellular
activation by CO2 or bicarbonate24,28,54 may be more likely
in the spinal cord. In future experiments, transgenic mice that
enable fluorescent labeling of Gucy2d-expressing cells could
facilitate patch clamp experiments to investigate the electro-
physiological response to these potential ligands and confirm
functional GC-D expression.

The lack of a pain- or itch-related phenotype upon
disruption of Gucy2d expression may not be surprising, given
that its human orthologue, GUCY2EP, is a pseudogene.35 An
examination of the structure and sequence of the gene
encoding GC-D throughout primate evolution revealed dele-
terious mutations resulting in loss of function in all species of
Old World monkeys and all but a few species of New World
monkeys.59 Had GC-D been vital to nociceptive processing, it
seems unlikely that extensive loss-of-function mutations
would have been tolerated. However, many pseudogenes
are still transcribed,27,43 and evidence for GUCY2EP tran-
scription in humans exists in the form of expressed-sequence
tags and manually annotated transcripts obtained from next-
generation sequencing.27,35 This leaves open the intriguing
possibility that GUCY2EP could be an attractive target for
genetic intervention strategies involving CRISPR or other
genome-targeting approaches, if its expression proves to be
similarly restricted to spinal inhibitory neurons in the human
CNS as observed in the mouse.

5. Conclusions

Although its function in the spinal cord remains unknown, the
selectivity ofGucy2d for spinal inhibitory dynorphin neurons could
render it a useful tool for further investigation of somatosensory
processing in the DH. Moreover, it may also open the door for
exciting translational applications for the treatment of pain and
itch.
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