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SUMMARY

The kidneys act as finely tuned sensors to maintain physiological homeostasis. Both sympathetic
and sensory nerves modulate kidney function through precise neural control. However, how

the kidneys are innervated during development to support function remains elusive. Using light-
sheet and confocal microscopy, we generated anatomical maps of kidney innervation across
development. Kidney innervation commences on embryonic day 13.5 (E13.5) as network growth
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aligns with arterial differentiation. Fibers are synapsin I*, highlighting ongoing axonogenesis and
potential signaling crosstalk. By E17.5, axons associate with nephrons, and the network continues
to expand postnatally. CGRP*, substance P*, TRPV1*, and PIEZO2* sensory fibers and TH*
sympathetic fibers innervate the developing kidney. TH* and PIEZO2* axons similarly innervate
the human kidney, following the arterial tree to reach targets. Retrograde tracing revealed the
primary dorsal root ganglia, T10-L2, from which sensory neurons project to the kidneys. Together,
our findings elucidate the temporality and neuronal diversity of kidney innervation.

Graphical Abstract
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In brief

N’Guetta et al. map the spatiotemporal innervation of the developing mouse kidney. They find that
innervation begins at E13.5 and that this network expands with the arterial tree. Sympathetic and
sensory nerves associate with nephrons by E17.5, maintaining these associations into adulthood
with similar innervation patterns found in the human kidneys.

INTRODUCTION

Major functions of the kidneys include maintenance of body fluid and electrolyte
homeostasis and modulation of blood pressure. These functions are maintained by a
variety of intrinsic cellular mechanisms as well as extrinsic input from the nervous
system.1-3 Peripheral neurons originating from external ganglia innervate the kidneys and

Cell Rep. Author manuscript; available in PMC 2024 December 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

N’Guetta et al.

Page 3

are predominantly unmyelinated C-fibers.3-7 These nerves are classified as afferent sensory
neurons that influence cardiovascular function through the relay of chemical and mechanical
information from the kidneys to the central nervous system (CNS) or efferent sympathetic
neurons that regulate renal function through the CNS.3 Precise innervation and modulation
of nerve activity maintains kidney physiology, while aberrant nerve function is associated
with several kidney diseases.8-10 Therefore, modulating nerve activity is widely seen as a
potential therapy to address kidney-related physiological disorders.1! Yet, to achieve such
precise neuromodulation, an accurate mapping of the kidney nerve origins and a complete
understanding of their molecular identity are necessary. Many studies to date have focused
on sympathetic nerves and their regulation of mature kidney physiology. Therefore, we
still lack detailed information about how both the sensory and sympathetic innervation of
the kidneys is established and how nerves pattern to reach their target cells and establish
crosstalk.

Sympathetic nerves help control kidney vascular tone, glomerular filtration rate, sodium and
water reabsorption, and renin release.12-14 They also modulate processes such as cytokine
release to mediate inflammatory responses.315-17 However, increased renal sympathetic
nerve activity contributes to the development and maintenance of hypertension, and
overactivity is common in chronic kidney disease.3:10.18 |n contrast, the full complement
and organization of kidney sensory nerves as well as their normal and pathophysiological
roles remains poorly understood.3 Kidney sensory nerves have thus far been classified as
transient receptor potential cation channel subfamily V member 1-positive (TRPV1") due to
their response to capsaicin. They have also been shown to produce the nociceptor-associated
neuropeptides calcitonin gene-related peptide (CGRP) and substance P.3:19 Sensory neurons
innervating the kidneys project to the dorsal horn and synapse onto interneurons that
project to CNS sites regulating cardiovascular function and, in turn, feed back to modulate
kidney sympathetic nerve activity.20 Recently, studies have established the importance of
mechanosensitive PIEZO2 sensory nerves in the urogenital system to regulate bladder and
sexual function.21:22 However, whether PIEZO2 sensory nerves also innervate the kidney

is unknown. Lastly, a recent study published by Cheng et al. has shown parasympathetic
cholinergic (choline acetyltransferase™ and vesicular acetylcholine transporter [VAChT]*)
nerves innervate the renal artery and pelvis with cholinergic ganglia found within the
kidney nerve plexus.23 Whether these axons project to the kidney cortex and associate

with structures within the kidneys has not been elucidated to date. Renal denervation is a
promising option for the treatment of primary hypertension, although not all patients benefit
from the procedure.?4-29 Understanding the full extent of kidney innervation and nerve
activity may inform efforts to optimize such strategies.

Ganglia located externally send axonal projections to the kidneys. Axons navigate along the
renal artery, and recent studies report the close association of nerves with the developing
kidney arterial tree.30:31 Depending on the model system, sympathetic innervation arises
from the celiac, superior mesenteric, and aorticorenal ganglia and partially from the
paravertebral chain.32-36 In rats, studies have shown that kidney sensory neurons project
from dorsal root ganglia (DRG) at spinal levels T6-L4, the majority of which derive from
T12-1.3.37:38 However, the origin of sensory axons that innervate the mouse kidneys is
unclear. Moreover, the process of kidney innervation during development, in any model,
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has not been detailed thoroughly. To this end, we mapped the spatiotemporal innervation
of the mouse kidneys from embryonic to early postnatal development. We establish when
kidney innervation begins, its origins in the DRG, the spatial organization and growth

of axons, their association with kidney cells and structures, as well as the identity of

the nerves across these different stages. Additionally, we validated their associations and
identity in both mouse and human adult kidney tissue. Altogether, we generated a rich
resource of knowledge surrounding kidney innervation that will inform studies of both
kidney development and physiological regulation.

Spatiotemporal mapping of kidney innervation

We set out to determine when neuronal axons first reach the kidneys and how this

network subsequently expands. We generated spatiotemporal maps of kidney innervation

by performing whole-mount immunostaining followed by 3D light-sheet imaging of either
whole urogenital systems (UGSs; embryonic day 12.5 [E12.5] and E13.5) or individual
kidneys (E14.5, E16.5, E18.5, postnatal day 0 [PO], and P7). Tissues were immunostained
with the pan-neuronal marker B-tubulin class 111 (TUBBS3) to visualize axons, the arterial
marker a-smooth muscle actin (a¢SMA), and the endothelial marker CD31. Male and
female kidneys were both examined, with no significant differences observed; therefore,

the data presented are representative of either sex. At E12.5, kidneys were discerned by
cytokeratin staining of the ureteric tree; however, no TUBB3™ nerves could be identified

in the kidneys (Figure 1A; Video S1). aSMA* cells were primarily localized to the
descending aorta and not yet found in the kidneys, correlating with previous investigations
of kidney vascularization.3° Despite the lack of axons in the kidneys, we observed

ganglia and postganglionic nerve fibers tracking with the descending aorta (Figure 1A).

As organogenesis continues, TUBB3* nerve fibers navigate toward the kidneys and begin
innervation at E13.5, closely associating with a SMA* mural cells, which mark the maturing
renal arteries (Figure 1B; Videos S2 and $3).30:31.3940 Despite the low a SMA* mural cell
coverage at this time point, an extensive CD31* endothelial network is established by E13.5
(Figure 1B; Video S3).

At E14.5, a SMA coverage was more extensive, marking several arterial branches (Figure
S1A). Concurrently, TUBB3* nerve fibers continue tracking with the major arterial
branches, only extending along the portion of endothelium with aSMA* mural cell
coverage. Additionally, axons track with the a SMA* ureteric smooth muscle layer (Figure
S1A). As development continues, axons grow and branch in coordination with the arterial
network as the major branches are established by E16.5 (Figure 1C; Video S4). Multiple
nerve fibers associate with a single arterial branch, and these larger fibers consist of multiple
axons that are tightly bundled (Figure 1C). Subsequently, the axonal network expanded via
interstitial branching, as observed at E18.5. The branching axons loop around structures
such as glomeruli (Figure 1D; Video S5). Subsequent imaging of the postnatal kidney at PO
(Figure S1B) and P7 (Figure S1C) revealed a significant increase in nerve fiber density and
arborization of the network due to continued axonal growth and branching.
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To visualize the innervation of target cells and structures at greater resolution, we performed
confocal imaging on E18.5 kidney sections. Supporting our whole-mount 3D analyses, we
observed axons tightly associating with aSMA* vasculature (Figure S1D). Nerves track
with renal arteries and arterioles into the cortex and dissociate from the aSMA™* mural cells
to loop around and associate with the Bowman’s capsule of glomeruli (Figures 1D and S1E)
and tubule epithelia (Figure S1F).

Sensory nerves innervate the developing kidneys

While we mapped kidney innervation across several developmental time points, TUBB3 is a
pan-neuronal marker and cannot discern between sensory or sympathetic fibers. To visualize
the distribution and abundance of sensory neurons in the developing kidneys, we crossed

the TrpvIC7line to the Rosa(R)26970mato reporter line ( TroviCre*,R26/70mato/) g |abel
all nociceptive TRPV1* neurons. TRPV1" nociceptive neurons are thought to comprise the
majority of, if not all, sensory nerves within the mature kidney, and, therefore, labeling

this population should highlight the sensory contribution.1941 We performed wholemount
imaging on E16.5 TroviCre* pogtdTomato/* idneys to visualize the total complement of
sensory nerve fibers traced from the start of kidney innervation. The tdTomato* signal
overlapped extensively with TUBB3 (Figure 2A). Sections from P1 7rpv1Cre/* :RogtdTomato/+
kidneys show tdTomato™ nerve fibers adjacent to LRP2* proximal tubules and E-cadherin
(ECAD)* epithelial structures (Figure 2B). Additionally, tdTomato* axons are found
adjacent to arteries, arterioles, and glomeruli (Figure 2C).

Nociceptive sensory afferent nerve identity and function can also be defined by the
production of neuropeptides such as CGRP and substance P. To assess renal peptidergic
sensory innervation, we examined kidney sections at E14.5, E15.5, E18.5, PO, and adult
stages, immunostained for CGRP and substance P. We validated the specificity of CGRP
and substance P antibodies for sensory neurons on isolated DRG and superior cervical
ganglion (SCG) tissue sections. As expected, sensory ganglia showed extensive CGRP and
substance P labeling, while sympathetic SCG showed no positive signal (Figures S2A and
S2B). At E14.5, we could not yet detect CGRP™ or substance P* nerves in the kidney
(Figures S2C and S2D). However, by E15.5, we observed CGRP™ sensory nerves that
closely associated with renal arteries (Figure 3A). These CGRP™ fibers were also TRPV1
(tdTomato*) sensory fibers (Figure S2E). To circumvent cross-reactivity issues due to
several of our antibodies being raised in the same species, we crossed the transgenic podocin
Cre line (Pod-Crel9) to the R26%70mato reporter (Pod-Creld/* R 26tdTomato/tdTomato) therehy
labelling glomerular podocytes with tdTomato. Assessing the kidneys of these animals at PO,
we found CGRP* nerves near glomeruli and proximal tubules (Figure 3B). In adult kidneys,
CGRP* fibers are similarly associated with the vasculature and Bowman’s capsule (Figure
3C). Substance P immunolabelling was detected by E18.5, labeling axons adjacent to blood
vessels and glomeruli (Figure 3D), with similar localization observed in adult kidneys
(Figure 3E). Peripheral neurons innervating the kidneys are predominantly unmyelinated
C-fibers, although it has been suggested that some myelinated afferent fibers are present in
the kidneys.3-” However, it was unclear whether these fibers were peptidergic. To address
this, we assessed the colocalization of CGRP* fibers and neurofilament heavy polypeptide
(NFH), a component of large-diameter myelinated axons, in adult kidneys (Figure S2F).
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In the kidney cortex, a few NFH™ fibers were observed, although they did not come in
proximity to glomeruli, and the CGRP signal did not overlap with the fibers. In the renal
pelvis, we observed minor overlap of NFH and CGRP along the pelvic urothelium (Figure
S2F), supporting the presence, although sparse, of myelinated peptidergic sensory fibers
within the kidneys.

PIEZO2 is a mechanoreceptor utilized by a subset of peripheral sensory neurons, including
those that innervate the bladder to help coordinate urination and genital sub-regions to
support sexual function.21:2242 We investigated whether PIEZO2 neurons also innervate
the kidneys. Whole-mount immunostaining at E18.5 revealed PIEZO2* axons overlapping
with the TUBB3* network (Figure S2G). Further analysis of kidney sections showed that
PIEZO2* neurons primarily associate with large vessels earlier in development (Figure 3F)
and, by PO, are found adjacent to glomeruli and proximal tubules (Figure 3G).

Retrograde tracing identifies the DRG origin of kidney sensory neurons

The somata of peripheral sensory neurons are located in DRG present along the spinal
column. To identify the DRG that contain sensory neurons projecting to the kidneys, we
performed retrograde tracing experiments. The fluorescently labeled neuronal tracer cholera
toxin subunit B (CTB) was injected into the right kidney cortex (ipsilateral) of adult mice.
Four days after the injection, both the injected and non-injected kidney (contralateral)

as well as the ipsilateral and contralateral DRG were dissected to determine the origin

of kidney sensory innervation (Figure 4A). By examining the fluorescent signal from all
cervical, thoracic, lumbar, and sacral DRG, we determined that kidney sensory innervation
traces to the ipsilateral DRG of the lower thoracic (T10-T13), lumbar (L1-L6), and sacral
(S1-S2) regions, with the majority of sensory innervation projecting from the lower thoracic
(T10-T13) and upper lumbar (L1-L2) regions (Figures 4B and 4D). Ipsilateral kidney
sections showed CTB* nerves near vasculature and glomeruli (Figure 4C). Strikingly,

we observed CTB* cells within the contralateral DRG of the upper lumbar region (L1-

L2), suggesting that these DRG may also innervate the ipsilateral kidney (Figure 4B).
Additionally, we observed a few CTB* nerve fibers around blood vessels in the contralateral
kidney (Figure 4C). No difference was identified between male and female mice in the
tracing results obtained.

Next, we specifically traced PIEZO2* sensory neurons using pAAV-FLEX-tdTomato
packaged with AAV-PHP.S (AAV-PHP.S:FLEX-tdTomato) injected into the right kidney of
Piezo2EGFP-IRES-Cre/* mice (Figure S3A). The FLEX vector contains a floxed tdTomato
sequence enabling Cre-mediated reporter expression, while AAV-PHP.S transduces
peripheral neurons.*3 The tracing confirmed innervation of the kidney by PIEZO2*
mechanosensory neurons, with the majority of PIEZO2* nerves projecting from the lower
thoracic (T10, T12, and T13) and lumbar (L1 and L2) DRG (Figures S3B and S3C).

Sympathetic and cholinergic innervation of the developing kidneys

Sympathetic postganglionic neurons produce tyrosine hydroxylase (TH), an enzyme
involved in catecholamine synthesis, and this marker has been utilized previously in
adult kidneys to localize sympathetic nerves.#445 Thus, to determine the distribution of
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sympathetic nerves in developing kidneys, we performed whole-mount immunolabeling
with a TH antibody (Figures 5A and 5B). At E14.5, TH™ fibers were detected in the
kidneys, overlapping with TUBB3 and tracking with the arteries (Figure 5A). By PO, the
sympathetic nerves had branched significantly with the arterial tree, and TH* axons were
found navigating around LRP2* proximal tubules (Figure 5B). We also examined kidney
sections and similarly observed TH* axons primarily associated with renal arteries at earlier
stages of development (Figure 5C). By PO, the nerves could be found abutting glomeruli and
proximal tubules (Figure 5D). A small proportion of sensory nerves express and produce
TH.#647 We confirmed isolated adult DRG contain TH* somata; however, they constitute
only a minor proportion of sensory neurons (Figure S4A). We further validated sympathetic
nerve identity by co-immunostaining adult kidney sections with the sympathetic marker
neuropeptide Y (NPY) and TH. All NPY* fibers examined, such as those adjacent to
glomeruli, were TH*, supporting their sympathetic identity (Figure 5E). We also investigated
the overlap of TH* and CGRP* fibers and found them co-associating with glomeruli and

in the renal pelvis (Figure S4B). We then quantified the percentage of glomeruli that were
innervated by either TH* fibers, CGRP™ fibers, or both. A previous study performed similar
quantitation and found CGRP* fibers associated with ~48% of glomeruli in wild-type adult
mice.1® Corroborating these findings, our analyses identified that 40% of glomeruli were
associated with CGRP* fibers. TH* axons associated with 50% of glomeruli, and ~37%
were innervated by both CGRP* and TH* axons (Figure S4C).

Previous studies showed that, during development, TH may be produced by cholinergic
parasympathetic nerves.#8 NPY also labels a subset of cholinergic pelvic ganglia.#%:%0

A recent study has demonstrated parasympathetic innervation of the main renal artery

and pelvis, but there is no anatomic evidence of significant parasympathetic innervation

into the kidneys. To determine whether there are cholinergic nerves in the kidneys, we
immunostained PO and adult kidney sections for the cholinergic marker VAChT. We
validated the specificity of the VAChT antibody on several PO tissues. The bladder, which is
primarily innervated by parasympathetic neurons, contained VAChT™ axons (Figure S5A).%1
Sympathetic aorticorenal ganglia through which parasympathetic fibers pass were also
positive for VAChT, although the signal did not show significant overlap with TUBB3 in the
soma (Figure S5A). The PO kidney cortex contained sparse VAChT™ fibers that overlapped
with TUBB3 near large vessels (Figure S5A). In the adult kidneys, VAChT™ fibers were
similarly sparse compared to NPY™* sympathetic nerves, and the VAChT signal did not show
direct overlap with NPY, suggesting that different fibers are present in the same bundle
(Figure S5B). In relation to kidney structures, VAChT* axons were observed around the
vasculature, tubules, and glomeruli, suggesting that parasympathetic fibers can innervate the
kidneys past the main renal artery (Figures S5C and S5D).

Evidence for the establishment of neuroeffector junctions during kidney development

In order to have an impact on kidney development and physiology, neurons need to

establish functional crosstalk with kidney cells. To investigate the formation of neuroeffector
junctions, synapse-like structures that form between neurons and non-neuronal cells, we
characterized the cellular localization of a synaptic marker. Using an antibody raised

against synapsin | (SYN1), a membrane-associated phosphoprotein contained within small
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synaptic vesicles of presynaptic nerves, we investigated whether and at which stage SYN1
is detected. At E14.5 and E16.5, SYN1* axons were primarily observed around the CD31*
vasculature (Figure 6A). By PO, SYN1* axons were also identified near proximal tubules
and glomeruli (Figure 6B). A similar pattern was retained in the adult, with SYN1* axons
found along the vasculature and adjacent to glomeruli (Figure 6C).

Next, we investigated the developmental expression of receptors associated with various
neuronal signaling mechanisms and known postsynaptic markers to understand which
kidney cells are responsive to neuronal signaling. We utilized a publicly available single-cell
RNA sequencing (scRNA-seq) dataset from E18.5 kidneys to obtain the enrichment of these
factors in the various cells of the developing kidneys.>2 We found that a variety of cell types
and structures, including nephron progenitors, stromal cells, renal vesicles, and the S-shaped
body, express the a-adrenergic receptors Adralaand Adralb, whereas AdraZaand AdraZb
were enriched in the distal tubules, ureteric epithelium, and proximal tubules (Figure S6A).
We also noted that the p-adrenergic receptor Adrb2was strongly enriched in the resident
immune cells, while Adrb3was expressed by stromal cells (Figure S6A). Next, we also
looked for the expression of major purinergic receptors in the developing kidneys. Many of
the ATP and adenosine receptors, including P2rx4, P2rx7, P2ry6, P2yr12 P2yr13, P2yri4,
Lpar6, and Lpar4, showed enrichment in the resident immune cells. Endothelial cells, tubule
epithelium, and ureteric epithelium showed expression of Ador2a, P2ry1, Lpar6, Lpar4, and
Adoral, while P2rx4 and P2ry14 were moderately enriched in podocytes (Figure S6B). Last,
we observed the enrichment of known post-synaptic markers or synapse-promoting markers
like VampZ, Tenm3, Tenm4, Ephbl, Ephb3, EphaZ, and Grm7 by podocytes; Nignl, EphaZ,
Ephb1, and Ephb4 by endothelial cells; and Gria3, Ephbz, Ephb3, Ephb4, Ephb6, Ephal,
Ephad, Epha7, TenmZ2, Dlg4, Dlg1, and Nlgn3by the distal and proximal tubules (Figure
S6C).

The spatial organization of nerves is conserved in adult human kidneys

A key difference between mouse and human kidneys is the number of lobes, thus generating
differences in vascular organization. Additionally, the latter stages of nephrogenesis in
humans occur via arcading and lateral branching, which differ in their organization
compared to the mouse.>3 Given the specific distribution of kidney nerves around the
vasculature and nephrons in the mouse, we investigated their organization in human
kidneys. Whole-mount immunostaining of human kidney cortex tissue with a SMA and
podocin highlighted the distinct organization of human cortical nephrons into cluster-like
arrangements of glomeruli (Figure 7A; Video S6). Similar to the mouse, TH* sympathetic
nerves branch following the a SMA vasculature until they reach the cortex. Axons travel
along interlobar arteries, which then branch into the arcuate and interlobular arteries (Figure
7B; Video S7). Higher-resolution imaging of human kidney sections shows that these

TH* fibers loop around glomeruli and tubule epithelium (Figure S7). We also assessed
whether PIEZO2 mechanosensory neurons innervate the human kidneys and confirmed

that PIEZO2* nerves were associated with vessels, glomeruli, and the kidney epithelium
(Figure 7C). To investigate the signaling competency of these nerves, we assessed synapsin
1 localization. We observed SYN1* nerve fibers in close association with glomeruli and
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tubules (Figure 7D; Video S8). Taken together, these data show that the close association of
both sympathetic and sensory nerves with vessels and nephrons is conserved in humans.

DISCUSSION

In this study, we set out to investigate the process of kidney innervation across
organogenesis. We generated spatiotemporal maps of innervation using markers specific to
various classes of axons and identified the presence of both sensory and sympathetic nerves
as well as evidence for parasympathetic innervation. High-resolution imaging of kidney
sections revealed the association of nerves with the vasculature, glomeruli, and tubules.

A synaptic vesicle marker and scRNA-seq data highlight the potential for nerve-kidney
crosstalk during kidney development. Finally, we established that human kidneys show
similar associations of sympathetic and sensory nerve subclasses with the vasculature and
nephrons. Altogether, we garnered substantial insights into the process of kidney innervation
with implications for both development and physiological regulation.

The close association of nerves with kidney vasculature

We established that kidney innervation begins at E13.5 and coincides with arterial
differentiation as vascular smooth muscle cells associate with the nascent endothelium. Our
findings of a tight association between axons and vascular smooth muscle cells correlates
with a recent description of kidney innervation3! and our own prior studies.30 This is
conserved between mouse and human, with nerves navigating alongside the major human
renal arteries. In the developing mouse kidney, it has been shown that arterial differentiation
initiates at ~E13.5 and progresses toward the kidney periphery.3940 We hypothesize that
aSMA* mural cells may be signaling to the axons, thereby guiding the nerves as the
arteries differentiate and grow. This has been shown in other systems, with axons responding
to vascular-derived cues like artemin (ArtnZ), endothelin 3 (Edn3), and neurotrophin 3
(NIt£3).54-56 As inferred from E18.5 scRNA-seq, £an3is expressed by stromal cells, which
may include vascular smooth muscle cells.>2 Nif2is expressed by nephron progenitors

and developing nephrons, whereas Artn does not appear to be expressed,>2 although their
production by the vasculature at earlier stages is unknown.

Once established, continued axonal growth and survival relies on neurotrophic factors

such as nerve growth factor (NGF). During nephrogenesis, NGF is produced by cortical,
medullary, and ureteric stroma.>2:57 Additionally, it has been established that NGF is
required for the complete sympathetic innervation of the kidney via its interaction with its
innate receptor tropomyosin receptor kinase A.>’ Moreover, proper innervation also requires
chemotactic guidance cues released by adjacent cells within the tissue. We and others have
established that, in the kidneys, proper patterning of the neurovascular network is mediated
by the guidance cue netrin-1.3040 However, the endothelium is the primary responder to
netrin-1 guidance cues, with the nerves following the vascular pattern, suggesting that the
vascular mural cells themselves play a significant role in guiding kidney innervation.30
While it has been established that netrin-1 plays a key role in synapse formation and

arterial innervation, we do not know whether the same is true in the kidneys.58:59 Additional
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studies are necessary to establish the full complement of cues necessary for proper kidney
innervation and the establishment of functional crosstalk.

The diversity of kidney nerves

During kidney development, we found that both sensory and sympathetic nerves innervate
the tissue early in development and branch following the arterial tree. Sensory nerves were
classified as nociceptive by TRPV1* lineage tracing. The limitation of this approach is

that, as neurons mature, they may not remain TRPV1*. Therefore, and with our inability to
identify a TRPV1 antibody that worked for immunolabeling, this lineage trace only serves
as a proxy for TRPV1* nerves that innervate the kidneys from the onset. However, we

were able to further classify the sensory neurons by their production of the neuropeptides
CGRP and substance P. CGRP* nerves were identified earlier in development than substance
P* nerves (E15.5 vs. E18.5), but both did not appear until innervation had already been
established for several days. With the importance of neurotrophic factors for proper sensory
afferent nerve function, these delays in production could be due to changes in molecular
cues required for their specific growth and function.89:61 The expression of their innate
target receptor on kidney cells could also play an important role in triggering neuropeptide
production. Despite these differences, all sensory nerve markers we investigated showed
similar tracking with the vasculature and association with glomeruli and tubules around
E18.5 to PO.

Recent studies have established that kidney stromal progenitors, juxtaglomerular cells, and
glomerular mesangial cells express the mechanosensor Piezo2.52:63 While our antibody
labeling did not detect these PIEZO2™ cells, this was also noted in the study by Mochida et
al. where RNAScope /n situ hybridization was necessary to detect Piezo2 expression.52 We
identified PIEZO2* nerves in both mouse and human kidneys, where they associate with the
vasculature, glomeruli, and tubules. We hypothesize that PIEZO2™ fibers are poised to sense
changes in pressure or volume within the kidneys. In the bladder, PIEZO2* urothelial cells
communicate with pressure-sensitive PIEZO2* afferent nerves to mediate micturition.22
However, further investigation is required to understand whether such communication
between PIEZO2* kidney cells and PIEZO2* sensory neurons plays a role in development
or physiological function. Interestingly, we found that axons loop in a hairpin fashion around
glomeruli and tubules. Such anatomic positioning may enable the ability to sense changes

in pressure, volume, filtration rate, and tubule physiology, ensuring homeostatic control.
The looping may also enable signaling to multiple nephrons through varicosities or boutons
that occur along the length of the axon.3:1® These findings further emphasize the need

for studies investigating the physiological role of sensory afferent nerves in the control of
kidney development and function in health and disease.

In addition to sensory nerves, we showed that TH* sympathetic nerves innervate the
developing kidney. TH* axons were detected as early as E14.5, and as development
progressed, TH* fibers associated with the vasculature, tubules, and glomeruli. Association
with these structures correlates with the known physiological functions of sympathetic
nerves in modulating vascular tone, tubular sodium reabsorption, and renin release

by juxtaglomerular cells.326 Renal sympathetic nerve overactivity contributes to the
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pathogenesis of hypertension. Thus, catheter-based renal denervation is an attractive
therapeutic option to reduce blood pressure in hypertensive patients.2425.64 However, this
procedure non-selectively targets all renal nerves, and with the significant overlap of sensory
and sympathetic fibers innervating vasculature and glomeruli, a deeper understanding of

the interplay between sympathetic and sensory nerves in the mediation of physiology may
inform efforts to optimize ablation strategies.

Most visceral organs are innervated by both sympathetic and parasympathetic nerves. The
kidney has been suggested to harbor parasympathetic nerves that enter along the renal
vasculature.85:66 et, there remains no significant anatomic evidence of extensive kidney
parasympathetic innervation, and this remains a topic of debate. In our study, we observed
TUBB3* nerve fibers colocalizing with the cholinergic marker VAChT; however, this could
represent a subset of immature sympathetic nerves expressing VAChT. On the other hand,
as development progressed and in adults, we observed VAChT™ fibers associating with
glomeruli which are more likely to represent mature, functional parasympathetic nerves.
Additionally, the VAChT™ fibers, albeit sparse, did not directly overlap with the NPY*
signal. Cheng et al. have shown the presence of periarterial cholinergic nerves that were
separate from sympathetic and sensory nerve fibers.23 Together, these findings highlight the
significant potential for parasympathetic activity in modulating kidney function, although
further characterization and physiological validation are necessary.

Common DRG projections to organs of the urogenital system

The regulation of kidney homeostasis is in part maintained by neuronal modulation.
Accurate mapping and knowing the molecular identity of all kidney nerves are necessary
for understanding both their normal function and pathophysiological roles. However, studies
have largely focused on renal sympathetic nerves, and only recently has the contribution

of sensory neurons to physiological regulation been investigated more thoroughly.3:15.67
Building on these previous studies, we found that kidney sensory innervation is substantial
and molecularly diverse. Validation of sensory innervation was provided by retrograde
tracing and identified the DRG origins of these nerves. While injections were restricted to
the cortex, we cannot absolutely rule out minor leakage of the tracer into the pelvis and
ureter, thus expanding the labeling to lower lumbar and sacral DRG, albeit at weaker levels.
The majority of axons innervating the kidney project from T10-T13 and L1-L2. PIEZO2*
neurons also traced to the DRG at these levels. FastBlue tracing performed in the mouse
bladder and prostate revealed similar projection of neurons from T13, L1, L2, L6, and S1.58
This suggests that organs of the genitourinary system may be innervated from common
DRG.

Interestingly, CTB tracing also showed that contralateral DRG at L1 and L2 were

labeled. These data suggest that some axons innervating the kidney might originate from
contralateral DRG or that the DRG neurons send axons to both kidneys. Concurrent
retrograde labeling of sensory nerves in the bladder and colon showed that dichotomizing
afferent nerves coming from an individual DRG neuron innervate both the colon and the
bladder.89 Such connectivity is important for integrating sensory input from multiple organs
and likely plays a major role in conditions such as pelvic pain disorders. DRG innervating
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both kidneys or innervation from both contralateral and ipsilateral DRG would potentially
enable greater coordination between the two kidneys.

Establishing crosstalk during kidney development

During development, nerves lie in close association with the vasculature, tubules, and
glomeruli, suggesting potential functional crosstalk. Sympathetic and sensory nerves branch
with the vasculature and dissociate to navigate through the tissue, where they loop around
glomeruli and lie adjacent to tubules. Such close association and organization likely allow
for the formation of neuroeffector junctions and the innervation of multiple structures. These
fiber varicosities could impact adjacent kidney cells by establishing neuroeffector junctions
more than 50 pm away from the neurotransmitter release site, allowing for diffusion
throughout the interstitium and signaling to target cells.3:8:70

To investigate the potential for active signaling in the developing kidney, we assessed

the localization of synapsin I, a major component of pre-synaptic vesicles and critical
factor for axonogenesis.”> We observed that synapsin | mainly localized near vasculature
early in development, with the latter localization expanded to glomeruli and tubules. Such
findings agree with our current understanding of kidney development and physiology.
Mouse kidney development continues postnatally, contrary to human kidney development,
which is finished before birth.2 The mouse forms the majority of its nephrons toward

the end of ureteric branching, with 40% of them differentiating after birth.”2 Yet, kidney
function must be established very early on in newborn pups. Thus, it is likely important

to establish proper innervation of the developing kidneys to regulate homeostasis. Whether
kidney innervation also actively directs proper development as in other tissues, including the
pancreas, salivary gland, and heart, remains unknown,’3-76

Previously published scRNA-seq data from E18.5 kidneys®2 provide evidence that cells
within the developing kidneys express a variety of receptors and postsynaptic markers,
suggesting that they are competent to receive and respond to neuron-derived signals.
Interestingly, several glutamate receptor subunits (Grial, Gria3, Gria4, and Grin3a) are
expressed by stromal or proximal tubule cells. While it has been established that
glutamatergic signaling preserves the epithelial phenotype of proximal tubule cells through
calcium signaling in the HK-2 cell line,”” it remains unclear what role glutamate transport
may play in the proper development of proximal tubules. Overall, the expression of
neurotransmitter receptors and postsynaptic markers in the developing kidneys suggests the
potential for several neuronal signaling mechanisms that regulate development and function.

Limitations of the study

Here, we detailed the spatial and temporal innervation of the kidneys. However, it

is important to note some assumptions that guided our study. For the classification

of noradrenergic sympathetic nerves, we used TH. However, some TH* axons in the
developing kidneys may project from the DRG. Thus, we cannot omit that a certain
percentage of these nerves may be sensory, although this is likely to be minor as embryonic
TH production by sensory ganglia is minimal®! and we observed only a small number of
TH* somata within adult DRG. Additionally, the strong colocalization of TH and NPY in
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adults suggests that sensory nerve production of TH is likely minor. We also utilized genetic
lineage tracing to label sensory axons innervating the kidneys, with the assumption that
most are TRPV1*. However, lineage tracing does not accurately reflect changes in neuronal
identity and may not encompass all sensory innervation. To comprehensively understand

the full molecular profile of neurons innervating the kidneys, scRNA-seq of somata from
sensory and sympathetic ganglia would be necessary. While scRNA-seq of the developing
kidneys and SYN1* fibers near nephron structures suggests possible crosstalk, it does not
validate active signaling. Higher-resolution electron microscopy and physiological assays
would be necessary to decipher the nature of axon-kidney signaling junctions and when they
become functional. Differences may also exist between human and mouse, and interrogating
human scRNA-seq data may uncover species-specific mechanisms of crosstalk. Finally,

we relied on the careful study of technical and biological replicates but did not quantify
axon metrics aside from our adult glomerular quantitation. Hence, subtle differences among
stages, classes of nerves, and sex may have been missed. Future investigations are necessary
to parse out these details and to determine the significance of these nerves to overall kidney
development.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains—All procedures and experiments were performed according to the
guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committees of The
University of North Carolina at Chapel Hill (protocols 19-183 and 22-136) and performed
under the policies and recommendations of the International Association for the Study of
Pain and approved by the Scripps Research Animal Care and Use Committee (protocol
08-0136). Mice were kept in standard housing with a 12-h light-dark cycle, with the room
temperature kept around 22°C, and humidity between 30% and 80% (not controlled). Mice
were kept on pelleted paper (Scripps) or corncob (UNC) bedding and provided with paper
square nestlets and polyvinyl chloride pipe (Scripps) or hut (UNC) enrichment with ad
libitum access to food and water. Adult Swiss Webster (Taconic stock #: SW MPF) and
C57BL/6J (Jackson Labs (JAX) stock #: 000664) mice were purchased from the respective
vendor for experiments and in house matings. Swiss Webster incrosses were utilized for

all experiments involving embryonic and postnatal wild type mice. C57BL/6J mice were
utilized for breeding of transgenic and knock-in lines and adult analyses. Mice utilized

for adult analyses were 8 weeks to 4 months of age. 77pv¢" (JAX stock #: 017769)78

were maintained as a homozygous line, Pod-Cre'9 mice (JAX stock #: 008205)7° were
maintained as heterozygotes, R26/70mato (JAX stock #: 007914)8° mice were maintained

as a homozygous line, and Piezo2ECFP-IRES-Cre (JAX stock #: 027719)81 mice were
maintained as heterozygotes. For genotyping, tail or ear clips were taken and incubated with
DirectPCR lysis buffer (Viagen Biotech, 102-T) containing 10 ug/mL proteinase K (Sigma,
3115836001), incubated at 55°C overnight, and denatured at 95°C for 20 min the next day.
Genotyping was performed using JAX genotyping protocols and recommended primers (see
Table S1 for primer sequences) with the following PCR parameters: annealing temperature T
= 58°C, elongation time T =40 s, 35 cycles.
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Human kidney tissue—Human kidney tissue samples (77 = 2) were directly donated
and de-identified samples obtained from the UNC Tissue Procurement Facility; all tissue is
exempt from UNC IRB approval. Kidney tissue was flash-frozen in liquid nitrogen upon
dissection without any fixation and stored at —80°C.

METHOD DETAILS

Tissue collection and processing—For all mouse experiments, matings were set up in
the afternoon and copulation plugs found the following day were designated as embryonic
day EO.5. The day of birth was considered postnatal day PO. This occurred at E19.5, births
earlier or later than E19.5 were not utilized in these studies. At the desired developmental
or adult time point, animals were sacrificed by CO, inhalation and death assured by
cervical dislocation. Kidneys or whole urogenital systems were dissected in ice-cold 1x
phosphate-buffered saline (PBS). Tail clips were utilized for genotyping as needed. To
ensure biological significance, we analyzed a minimum of 3 animals per neuronal marker for
both sexes at the following stages unless otherwise noted in the figure legend: E12.5, E13.5,
E14.5, E15.5, E16.5, E18.5, PO, P1, P7, and adults. For tissue processing, all steps were
performed on rotating shakers. Harvested kidneys or urogenital systems from embryonic
and postnatal mice were fixed by immersion in fresh ice-cold 4% paraformaldehyde (PFA)
(Electron Microscopy Sciences, 15714) in PBS at 4°C for 30 min, while kidneys obtained
from adult mice were fixed by immersion in fresh ice-cold 4% PFA in PBS at 4°C for

2 h (except for NFH, NPY/TH, and CGRP/TH immunofluorescence; tissue processing is
described below). Next, all kidneys were washed in ice-cold 1x PBS three times for 10

min each at room temperature and stored at 4°C in 1x PBS until use. All kidneys destined
to be sectioned were incubated in 30% sucrose-PBS solution at 4°C overnight. The next
day, kidneys were then embedded in Tissue-Plus O.C.T. Compound (Fisher Scientific,
23-730-571) and sectioned at 12 pm on a Leica cryostat CM1850. Slides were stored at
-80°C until use.

Human kidney tissue was obtained as a frozen block. A small piece of tissue was removed
with a razor blade, fixed for 10 min in 4% ice-cold PFA-PBS, and subsequent processing for
cryosectioning and immunofluorescence was carried out as for the mouse.

Cholera toxin B (CTB) and AAV-PHP.S:FLEX-tdTomato retrograde tracing—
Surgeries were performed similarly as previously described®2 with modifications. Briefly,
mice were anesthetized with isoflurane inhalation and surgery started after all paw reflexes
disappeared. The right kidney was accessed via flank incision after the animal was shaved
from shoulder to rump and flank to spine with a shaver designed for pet grooming. After
appropriate cleaning of the surgical site, the skin was pinched with tweezers and a cut of
approximately 1cm from the spine and below the ribcage was made with scissors. A similar
cut was made on the muscle layer underneath the skin, the kidney was exposed and carefully
isolated with cotton-tip applicators from peripheral fat or connective tissues in order to

not disrupt nerve connections. Tracers were slowly injected and the needle was left inside
the tissue after injection for an additional 1 min to avoid back-leak. All injections were
administered directly into kidney cortex through the renal capsule. For retrograde labeling of
the DRG innervating the kidney, 4 injections of 3 uL 0.2% CTB-555 (Invitrogen, C34776)
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were administered to 4 males and 4 females on a C57BL/6J or Swiss Webster background.
For retrograde labeling of the PIEZO2* nerves innervating the kidney, 4 injections of 5 uL
of AAV-PHP.S particles that were produced from pAAV-FLEX-tdTomato were administered
to 2 males and 2 females which were Piezo25GFP-IRES-Cre/ o AAV-FLEX-tdTomato was a
gift from Edward Boyden (Addgene viral prep #28306-PHP.S; http://n2t.net/addgene:28306;
RRID:Addgene_28306; AAV-PHP.S courtesy of Viviana Gradinaru*3). After injections,

the muscle and skin were closed with sutures, and bupivacaine was administered for
analgesia. After suturing, mice were housed in a clean cage with heat pads underneath

until ambulatory. Mice were euthanized 4 days after CTB injections and 4 weeks after
AAV-PHP.S injections. Mice were perfused with 30mL 1x PBS and 20mL 4% PFA in PBS
with kidneys and DRG collected for tissue sectioning and imaging.

Immunofluorescence on tissue sections—Kidney sections for immunofluorescence
were removed from the —80°C freezer and allowed to equilibrate to room temperature for

10 min. Sections were rehydrated, and the freezing medium was removed by incubating the
slide in 1x PBS for 10 min in a Coplin jar. After rehydration, excess PBS was removed

from the slide then a hydrophobic barrier was drawn around the section using a hydrophobic
pap pen (Vector Laboratories, H-4000). Sections were incubated for 30 min in blocking
solution (ice-cold PBS solution with 4% donkey serum (Equitech-Bio, SD30-0100), 1%
bovine serum albumin (Fisher Scientific, BP9706-100), and 0.25% Triton X-100 (Fisher
Scientific, BP151-500). Slides were then incubated at room temperature for 2 h covered
from light with primary antibodies in block solution (see key resources table for antibodies
and concentrations utilized; PIEZO2 antibodies were combined as a mixture for optimal
detection although each worked independently as validated by co-immunostaining with GFP
on DRG isolated from Piezo2EGFP-IRES-Cre/* mice). After primary incubation, slides were
washed 3 times for 5 min at room temperature covered from light with wash solution (PBS
+0.25% Triton X-100) before incubating them for 45 min at room temperature covered from
light with the target appropriate Alexa Fluor secondary antibody (Life Technologies, 488,
568, or 647 conjugated; 1:1000) in blocking solution. Finally, slides were washed 4 times
for 5 min at room temperature covered from light using wash solution with the last wash
containing DAPI diluted at 1:10,000. Slides were mounted using ProLong Gold mounting
media (Thermo Fisher Scientific, P36930) or VectaShield (Vector Laboratories (H-1000-10),
sealed with No. 1.5 coverslips, and stored at room temp.

For the NFH, NPY/TH, and CGRP/TH immunofluorescence, C57BL/6J adult mice were
euthanized via isoflurane overdose and transcardially perfused with 20 mL ice-cold PBS
pH 7.4 followed by 30 mL ice-cold 4% PFA in PBS. Kidneys were dissected and fixed
overnight in 4% PFA at 4°C. Kidneys were then rinsed in PBS and cryoprotected in

30% sucrose for 24-48 h at 4°C prior to embedding and freezing in Tissue-Tek O.C.T.
Compound (Sakura, 4583). 20 um sections were prepared on glass slides using a cryostat.
Tissues were allowed to air-dry for 30 min at room temperature and hydrophobic barriers
were drawn using a PAP pen. Slides were washed in PBS and blocked in 5% Normal
Donkey Serum (for NPY immunofluorescence, Sigma-Aldrich, D9663) or Normal Goat
Serum (Life Technologies, PCN5000) in PBS with 0.3% Triton X-100 (PBST) for 2 h at
room temperature in a humidified chamber. Slides were incubated overnight at 4°C in the
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following primary antibodies in 0.1% PBST: CGRP (Immunostar), TH (Abcam), NFH, or
NPY (see key resources table for antibody details). Slides were washed in 0.3% PBST
followed by PBS and then incubated for 2 h at room temperature in the following secondary
antibodies in 0.1% PBST: donkey anti-goat 647 (Life Technologies, A21447, 1:1000),
donkey anti-chicken 488 (Life Technologies, A78948, 1:1000), goat anti-Rabbit 647 (Life
Technologies, A21245, 1:1000), goat anti-chicken 488 (Life Technologies, A11039,1:1000).
Donkey secondary antibodies were used for NPY staining experiments and goat secondary
antibodies were used for all other experiments. Samples were mounted using Fluoromount G
Mounting Medium with DAPI (Thermo Fisher Scientific, 00-4959-52) and sealed with No.
1.5 coverslips and clear nail polish and stored at 4°C.

Whole-mount immunofluorescence and tissue clearing—For mouse embryonic
and postnatal kidneys or urogenital systems (E12.5-P7), we used a modified version of

the original iDISCO protocol (Renier et al., 2014) for whole-mount immunolabelling using
validated antibodies and concentrations indicated in the key resources table. All steps are
performed on rotating shakers. We first incubated whole pre-fixed tissue in ImL blocking
solution (ice-cold PBS solution with 10% (v/v) Heat Inactivated Sheep Serum (HISS)
(Thermo Fisher Scientific, 16070096) and 0.5% (v/v) Triton X-100) for 1 h at room
temperature. Then, we incubated the tissue in ImL primary antibody in block solution

for 7 days at 4°C while protected from light. The labeled tissue was then washed using

ImL wash buffer (PBS +0.25% Triton X-100) for a whole day at room temperature covered
from light with wash solution changed every 1 h. After washing, labeled kidneys were
incubated in 1mL secondary antibody (target appropriate Alexa Fluor 488, 568, or 647; Life
Technologies) diluted in block solution at a concentration of 1:1000 for 3.5 days at 4°C
while protected from light. After secondary antibody labeling, kidneys were washed again
using 1mL wash buffer for a whole day at room temperature covered from light with wash
solution changed every 1 h. Before optical clearing, successful labeling was checked on a
widefield Leica fluorescent microscope (Leica DMi8). Labeled kidneys were then embedded
in 1% agarose (Fisher Scientific, BP160-500) gel made with 1x TAE (tris-acetate-EDTA),
the agarose block was cut to a size of 5 mm x 5 mm to ensure proper mounting on the light-
sheet microscope. All clearing steps were carried out with samples protected from light. To
clear kidneys, we first dehydrated the agarose block in a methanol-H,0 (Fisher Scientific,
A433P-4) series wash at room temperature (25%, 50%, 75%, and 100%) for 1 h each
minimum. Next, dehydrated agarose blocks were incubated in 66% v/v dichloromethane
(DCM) (Sigma, 270997)/33% v/v methanol for 3 h at room temperature. Following this,
the agarose blocks were then incubated in 100% DCM for 15min x 2 at room temperature.
Finally, the fully dehydrated agarose blocks were incubated in 100% v/v dibenzy! ether
(DBE) (Sigma, 33630) at room temperature. The blocks became transparent and invisible
within 5-7hr and were stored in DBE until imaging. The DBE was changed out for fresh
DBE before imaging the sample.

For human kidney tissue whole-mount, a piece of frozen tissue was removed with a razor

blade, fixed for 30 min in 4% ice-cold PFA in PBS at 4°C, and subsequently washed

three times in PBS with 2.5Units/mL of Heparin (Sigma, H4784) at room temperature for
30min each. Samples were then washed three times in PBS with 2.5Units/mL Heparin and
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1% CHAPS (Sigma, C3023) at room temperature for 30min each. Human tissue was then
blocked in 2-3mL block solution (PBS with 10% (v/v) HISS, 2.5Units/mL Heparin, and
1% CHAPS) for 1 h at 4°C. All subsequent steps were carried out with samples protected
from light. Tissues were incubated in 2-3mL primary antibody (see key resources table)
diluted in block solution for 7 days at 4°C. The labeled tissue was then washed using

wash buffer (PBS solution with 1% v/v CHAPS) for a whole day at room temperature with
wash solution changed every 1 h. After washing, labeled kidneys were incubated in 1mL
secondary antibody (target appropriate Alexa Fluor 488, 568, or 647; Life Technologies)
diluted in block solution at a concentration of 1:1000 for 3 days at 4°C. After secondary
antibody labeling, kidneys were washed again using wash buffer for a whole day at room
temperature with wash solution changed every 1 h. Clearing was conducted as described for
mouse tissues.

3D light-sheet and confocal imaging—AIll whole-mount images were obtained using
the LaVision BioTec UltraMicroscope 11 (UM I1, Miltenyi Biotec) and the UltraMicroscope
Blaze (Blaze, Miltenyi Biotec) light-sheet system at the UNC Microscopy Services
Laboratory (MSL). The UM II light-sheet is outfitted with an Andor Zyla 5.5 sSCMOS
detector, an Olympus MVPLAPOQO 2X/0.5 objective coupled to a zoom body ranging from
1.26x to 12.6x with a corrected dipping cap and a working distance of 5.7mm. Imaging was
conducted in 100% DBE. The Blaze light-sheet is outfitted with a 4.2 Megapixel sSCMOS
camera, an MI Plan 4x/0.35 objective coupled to a total zoom ranging from 2.4x to 10x
with a corrected dipping cap and a working distance of < 16mm. Imaging was conducted

in MACS Imaging Solution (Miltenyi Biotec, 130-128-511). All wholemount images in
this study were imaged with laser wavelengths: 488, 561, and 647nm as well as 3 angled
light-sheet with specific parameters. All tiff images are generated in 16-bit. See Table S2 for
specific imaging parameters.

Confocal images were primarily obtained using either Zeiss 880 confocal laser scanning
microscope in the UNC Hooker Imaging Core (HIC) or the Zeiss 900 confocal laser
scanning microscope in the UNC MSL. The Zeiss 880 uses the Zen 2 software with
34-channel gallium arsenide phosphide (GaAsP) detectors. All images obtained were
imaged using a Plan-Neofluar 40x/NA:1.3 oil objective or Plan-Apo 20x/NA:0.8 with the
following working distance respectively: 0.21mm and 0.55mm. The Zeiss 900 uses the Zen
blue software with three gallium arsenide phosphide PMT (GaAsP) detectors. All images
obtained were imaged using a Plan-Apo 40x/NA:1.4 oil objective with the working distance
of 0.21mm. Pinhole size of 1AU set on the longest wavelength fluorophore with the same
diameter size for all the rest. An Andor Dragonfly Spinning Disk Confocal (MSL), Zeiss
confocal LSM 780, Nikon AX confocal, Evident Sci VS200 Slide Scanning System (HIC),
and Leica DMi8 Inverted Fluorescent Widefield Microscope were also utilized as indicated
in Table S2 where all image acquisition settings can be found.

Image processing—Images, 3D volume, and movies were generated using Imaris x

64 software version 9.9.1. All stack images obtained from light-sheet imaging were

first converted into an imaris file (.ims) using Imaris File Converter version 9.8.2. All
wholemount images and videos were obtained using the “snapshot” and *“animation” tools
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in Imaris 9.9.1. Files obtained with confocal microscopes were converted into an Imaris file
using Imaris File Converter 9.8.2. Tilescan images were stitched with 20% overlapped using
Imaris stitcher 9.9.1 and image analysis was done in Imaris version 9.9.1.

QUANTIFICATION AND STATISTICAL ANALYSIS

CGRP/TH glomeruli quantification—Maximum intensity z-projections were generated
and glomeruli were identified from the DAPI signal as regions of interest (ROls). Each
individual ROl was manually assessed for the presence of TH or CGRP immunoreactivity
at the Bowman’s capsule or at the juxtaglomerular region adjoining the glomerulus and the
arterioles. ROI with immunoreactivity at either location were determined to be innervated.
For the TH staining, substantial non-neuronal tubular immunoreactivity was observed that
was readily distinguishable from nerve fibers. The tubular immunoreactivity was not used to
quantify innervation. Fiji (2.0.0) and Prism (10.1.1) software were utilized for analyses.

Receptor and postsynaptic marker scRNA-seq enrichment—To identify the
kidney cell populations in which nerve associated receptors and markers were expressed,
the selected genes were analyzed for their relative enrichment within the sScRNA-seq data
from E18.5 kidneys.>2 Heatmaps were generated in R (https://www.r-project.org/) using the
ggplot2 package®® and ComplexHeatmap.84 Log fold change values were obtained from
Combes et al., 2019 Table S1 “lookup” tab.52

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Kidney innervation commences at E13.5 following renal arterial
differentiation

Sympathetic and sensory nerves innervate the kidney, extending to the cortex

Nerves associate with glomeruli and tubules, similar to the adult human
kidneys

Retrograde tracing shows sensory afferents project from T10-L2 dorsal root
ganglia
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E12.5

E13.5

E16.5

E18.5

TUBB3 aSMA Cytokeratin Merge Zoom

Figure 1. Kidney innervation commences at E13.5 as axons follow the differentiating arteries and
continue to branch throughout development

(A) Pan-neuronal labeling (TUBBS3, green) of an E12.5 urogenital system (UGS) shows
that nerves are absent in the kidney (branching ureteric tree, cytokeratin, yellow). Ganglion
and some postganglionic nerve fibers track along the descending aorta, shown by a-smooth
muscle actin (aSMA; magenta). Scale bars: 300 um and 100 pm (magnification)

(B) An E13.5 UGS shows that axons (TUBB3, green) innervate the kidney following the
aSMA* vascular mural cells (magenta) of the developing arteries (arrowheads, magnified
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image). CD31 (yellow) labels the endothelial network. Scale bars: 300 um and 100 pm
(magnification).

(C) Axons (TUBBS3, green) continue to grow and branch following the developing arterial
tree (aSMA, magenta) at E16.5. Cytokeratin (yellow) marks the collecting duct system.
Multiple axon bundles can be observed on an artery (arrowhead, magnified image). Scale
bars: 250 um and 90 pm (magnification).

(D) By E18.5, axons (TUBB3, green) have undergone extensive growth with the arterial
tree (aSMA, magenta) and interstitial branching as the nerves navigate toward and around
kidney structures like glomeruli (podocin, yellow; arrowhead, magnified image). Scale bars:
400 pm and 50 um (magnification).

All images are representative of a minimum of 3 mice. See also Figure S1 and Videos S1,
S2, S3, S4, and Sb.
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Figure 2. Nociceptive sensory afferent nerves innervate the developing kidney
(A) E16.5 TrpviCre’*Rp2gtaTomato/* kidney showing tdTomato™ (magenta) axons

colocalizing with TUBB3 (green). A magnified inset from the merge shows tdTomato™
axons overlapping with TUBB3. Scale bars: 500 um and 80 um (magnification).

(B) TrpviCre/ .pogtdTomato/+ p1 kidney section showing the tdTomato signal (magenta)
closely associating (arrowheads) with proximal tubules (LRP2, green) and tubule epithelium
(ECAD, yellow). Scale bar: 40 pm.

(C) TrpviCre’+ pogtdTomato/+ p1 kidney section showing the tdTomato signal (magenta)
closely associating (arrowheads) with glomeruli (podocin, green) and endothelium (CD31,
yellow).

Tubules in (B) and (C) show a non-specific tdTomato signal. Scale bar: 40 um. All images
are representative of a minimum of 3 mice.
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Figure 3. Peptidergic and mechanosensory afferent nerves are present in the developing kidney
(A) E15.5 kidney sections show that CGRP* (magenta) axons (TUBB3, green) are mainly

associated with the kidney vasculature (CD31, yellow; arrowhead) at this stage. Scale bar:
25 pm.

(B) Sections of Pod-Cre'd/* ;26 Tomato/tdTomato p( kidneys show CGRP* axons (magenta)
near (arrowhead) glomeruli (tdTomato, green) and close to proximal tubules (LRP2, yellow).
Scale bar: 50 ym.

(C) Adult kidney section shows CGRP* (magenta) axons colocalized with TUBB3 (green)
closely associating with the vasculature (CD31, yellow) and near glomeruli (arrowhead).
Scale bar: 15 um.

(D) E18.5 kidney sections show substance P (SubP; magenta) overlap with TUBB3 (green)
and associations with the vasculature (CD31, yellow) and glomeruli (arrowhead). Scale bar
=20 pm.

(E) Adult kidney section shows SubP* (magenta) axons (TUBB3, green) along the
vasculature (CD31, yellow) and in close proximity to glomeruli (arrowhead). Scale bar:

20 pm.

(F) E15.5 kidney section shows PIEZO2* (magenta) axons (TUBB3, green) associating with
the vasculature (CD31, yellow; arrowhead). Scale bar: 20 um.

(G) Sections of Pod-Cre!9/* -p2ogtdTomato/tdTomato p( kidneys show PIEZO2* nerves
(magenta) closely associating (arrowheads) with glomeruli (tdTomato, green) and proximal
tubules (LRP2, yellow). Scale bar: 35 pum.
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All images are representative of a minimum of 3 mice. See also Figures S2 and S3.
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Figure 4. CTB retrograde tracing shows axon trajectories and labeling of thoracic, lumbar, and
sacral DRG

(A) Schematic of CTB-555 retrograde tracing and timeline (created with BioRender).
(B) Sensory innervation primarily traces in the ipsilateral DRG to the lower thoracic (T10-
T13), lumbar (L1-6), and sacral (S1-S2) regions. Tracing to the contralateral DRG was
observed in the upper lumbar region of L1 and L2. n= 4 males and = 4 females. Scale
bars: 50 pm.

(C) Ipsilateral and contralateral kidney sections of a CTB-injected mouse. The ipsilateral
kidney section shows CTB™ (magenta) axons colocalizing with TUBB3 (green) near
glomeruli and vasculature (CD31, yellow; arrowheads). CTB (magenta) colocalized with
TUBB3 (green) near vasculature (CD31, yellow; arrowhead) in the contralateral kidney.
Scale bars: 50 pm.

(D) Schematic of the spinal level and DRG origin of kidney sensory afferent innervation
(created with BioRender.

See also Figure S3.
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Figure 5. Noradrenergic sympathetic nerves innervate the developing kidney
(A) E14.5 kidney labeled with tyrosine hydroxylase (TH; magenta) shows that the first

innervating axons (TUBB3, green) are TH*. Cytokeratin (yellow) marks the developing
collecting duct system. Scale bars: 300 um.

(B) PO kidney labeled with TH (magenta) shows that the TH* nerves have branched
extensively alongside the arterial tree (aSMA, green). LRP2 marks the proximal tubules
(yellow), and the magnified inset shows TH* nerves (magenta) navigating around and near
proximal tubules (arrowhead). Scale bars: 500 um and 80 pm (magnification).

(C) E15.5 kidney section showing TH* axons (TH, magenta; TUBB3, green) around the
vasculature (CD31, yellow; arrowhead). Scale bar: 12 pm.

(D) Sections of Pod-Cre!d/* -R2gtdTomato/tdTomato p( kidneys show TH* axons (magenta) near
glomeruli (tdTomato, green; arrowhead) and proximal tubules (LRP2, yellow). Scale bar: 20
pm.

(E) Adult kidney cortex immunostained for neuropeptide Y (NPY; magenta), TH (green),
and DAPI (blue). Glomeruli are encircled (white dotted lines). No TH*/NPY~ fibers were
observed. Scale bar: 100 um.
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The image (E) is representative of 2 male mice; the images in (A)—(D) are representative of a
minimum of 3 mice. See also Figures S4 and S5.
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Figure 6. SYN1* nerves highlight the potential for neuroeffector-junction formation during
kidney development
(A) Top: E14.5 kidney sections show overlap of synapsin | (SYN1, magenta) with TUBB3

(green) and association of axons with the main artery (CD31, yellow; arrowhead). Scale
bar: 80 um. Bottom: E16.5 kidney sections similarly show SYN1* (magenta) and TUBB3*
(green) nerves around the vasculature (CD31, yellow; arrowhead). Scale bar: 15 pm.

(B) Sections of Pod-Cre'd/* ;R26Tomato/tdTomato p( kidneys show SYN1* axons (magenta)
overlapping with TUBB3 (green) near glomeruli (tdTomato, yellow; arrowheads, top) and
proximal tubules (LRP2, green; arrowhead, bottom). Scale bars: 25 pm (top) and 20 pm
(bottom).

(C) Sections of Pod-Cre'9/* R 2gtdTomato/tdTomato qy|t kidneys show SYN1* (magenta) and
TUBB3™" (green) axons along the arterioles near glomeruli (tdTomato, yellow; arrowhead).
Scale bar = 40um. All images are representative of a minimum of 7= 3 mice.

See also Figure S6.
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Figure 7. Sympathetic and sensory nerves show similar structural associations in the adult
human kidney
(A) Human kidney cortex labeled with podocin (yellow) and aSMA (magenta), showing

interlobular arteries branching and glomerular organization (magnified 3D rendering). Scale
bars: 1,000 pum.

(B) Human kidney cortex labeled with TH (green) and a SMA (magenta), showing
sympathetic nerves branching with interlobar, arcuate, and interlobular arteries
(arrowheads). Scale bar: 1,000 pm.

(C) Adult human kidney cortical sections show PIEZO2 (magenta) overlapping with TUBB3
(green) and associating with glomeruli (podocalyxin, yellow; arrowhead, top), vasculature
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(podocalyxin, yellow; arrowhead, center), and near epithelial structures (LRP2, green;
ECAD, yellow; arrowhead, bottom). Scale bars: 50 pm.

(D) Adult human kidney cortical sections show SYN1* axons (green) near glomeruli
(podocalyxin, magenta; arrowhead, left) and epithelial structures (ECAD, yellow;
arrowhead, right). Scale bars: 60 pm (left) and 50 um (right).

All images are representative of tissue acquired from two human samples. See also Figure
S7 and Videos S6, S7, and S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

TUBB3; Mouse 1gG2a; Section IF: 1:500, Wholemount BioLegend Cat#801202; RRID:AB_2313773
IF: 1:250

TUBB3-594; Mouse 1gG2a; Section IF: 1:500, BioLegend Cat#801208; RRID:AB_2650636
Wholemount IF: 1:250

Neurofilament (NFH); Chicken; Section IF: 1:1000 Abcam Cat#ab4680; RRID:AB_304560

Tyrosine Hydroxylase (TH); Rabbit; Section IF: 1:500,
Wholemount IF: 1:250

Tyrosine Hydroxylase (TH); Chicken; Section IF: 1:250
Neuropeptide Y (NPY); Chicken; Section IF: 1:250

CGRP; Rabbit; Section IF: 1:250
CGRP; Mouse 1gG2a; Section IF: 1:250
PIEZO2; Rabbit; Section IF: 1:250, Wholemount IF: 1:250

PIEZO2; Rabbit; Section IF: 1:250, Wholemount IF: 1:250

Substance P (SubP); Rabbit; Section IF: 1:100

Synapsin 1 (SYN1); Rabbit; Section IF: 1:1000

VAChT,; Rabbit; Section IF: 1:250

VAChT; Guinea Pig; Section IF: 1:100

RFP; Chicken; Section IF: 1:500, Wholemount IF: 1:250

RFP; Rabbit; Section IF: 1:500, Wholemount IF: 1:250

aSMA-488; Mouse 1gG2a; Section IF: 1:500,
Wholemount IF: 1:250

Podocin (NPHS2); Rabbit; Section IF: 1:500, Wholemount
IF: 1:250

Cytokeratin; Mouse 1gG1; Section IF: 1:500, Wholemount
IF: 1:250

Megalin (LRP2); Mouse 1gG1; Section IF: 1:500,
Wholemount IF: 1:250

E-cadherin (ECAD); Rat; Section IF: 1:500, Wholemount
IF: 1:250

CD31; Rat; Section IF: 1:100, Wholemount IF: 1:50

Podocalyxin (PODXL); Goat; Section IF: 1:500,
Wholemount IF: 1:250

Invitrogen/Thermo Fisher Scientific

Abcam

Novus Biologicals

Immunostar
Abcam

Novus Biologicals

Novus Biologicals

Immunostar

Invitrogen/Thermo Fisher Scientific
Synaptic Systems

Synaptic Systems

Rockland

Rockland

Invitrogen/Thermo Fisher Scientific

Invitrogen/Thermo Fisher Scientific

Sigma-Aldrich

MyBiosource

Invitrogen/Thermo Fisher Scientific

BD Pharmingen
R&D Systems

Cat#OPA1-04050; RRID:AB_325653

Cat#ab76442; RRID:AB_1524535

Cat#NBP1-46535;
RRID:AB_10009813

Cat#24112; RRID:AB_572217
Cat#ab81887; RRID:AB_1658411

Cat#NBP1-78624;
RRID:AB_11005294

Cat#NBP1-78538,;
RRID:AB_11031775

Cat#20064; RRID:AB_572266
Cat#51-5200; RRID:AB_2533909
Cat#139103; RRID:AB_887864
Cat#139105; RRID:AB_10893979

Cat#600-901-379;
RRID:AB_10704808

Cat#600-401-379; RRID:AB_2209751
Cat#53-9760-82; RRID:AB_2574461

Cat#PA579757, RRID:AB_2746872

Cat#C2931; RRID:AB_258824

Cat#MBS690201

Cat#13-1900; RRID:AB_2533005

Cat#550274; RRID:AB_393571
Cat#AF1658; RRID:AB_354920

Bacterial and virus strains

pAAV-FLEX-tdTomato

Chan et al.*3

Addgene 28306;
RRID:Addgene_28306

Biological samples

De-identified human kidney tissue

University of North Carolina at

https://unclineberger.org/tissue-

Chapel Hill Tissue Procurement procurement/
Facility

Chemicals, peptides, and recombinant proteins

Cholera Toxin Subunit B-555 (Recombinant) Invitrogen C34776
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REAGENT or RESOURCE SOURCE IDENTIFIER
32% Paraformaldehyde (formaldehyde) aqueous solution Electron Microscopy Sciences 15714
Methanol Fisher Scientific A433P-4
CHAPS hydrate Sigma C3023
Dichloromethane Sigma 270997
Dibenzyl Ether Sigma 33630
Agarose Fisher BP160-500
Heparin Sigma-Aldrich H4784
Sheep Serum Gibco 16070096
Donkey Serum Equitech-Bio SD30-0100
Normal donkey serum Sigma-Aldrich D9663
Normal goat serum Life Technologies PCN5000
Bovine Serum Albumin (BSA) Fisher BP9706-100
Triton X-100 Fisher BP151-500
DirectPCR Lysis buffer Viagen Biogen 102-T

10x PBSpH 7.4 Gibco 70011044
Sucrose Fisher $5-500
Tissue-Plus O.C.T. Compound Fisher 23-730-571
Tissue-Tek O.C.T Sakura 4583
VectaShield Vector Laboratories H-1000-10
ProLong Gold Antifade Mountant Thermo Fisher Scientific P36930
Fluoromount-G Mounting Medium, with DAPI Thermo Fisher Scientific 00-4959-52
Deposited data

Imaging files UNC Dataverse https://dataverse.unc.edu/dataverse/

D_24 01486_obrienlab

Experimental models: organisms/strains

Swiss Webster
C57BL/6J

B6.129-Trpvitm1(cre)Bbm/J (TrpviCe*)

B6.Cg-Tg(NPHS2-cre)295L bh/J (Pod-Cre')

B6(SJL)-Piezo2tm1.1(cre)Apat/J (Piezo2FCFP-IRES-Cre)

B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

(R 2510’ Tomato )

Taconic Biosciences

Jackson Labs

Jackson Labs

Jackson Labs

Jackson Labs

Jackson Labs

Tac:SW; RRID:IMSR_TAC:SW

Strain #:000664;
RRID:IMSR_JAX:000664

Strain #:017769;
RRID:IMSR_JAX:017769

Strain #:008205;
RRID:IMSR_JAX:008205

Strain #:027719;
RRID:IMSR_JAX:027719

Strain #:007914;
RRID:IMSR_JAX:007914

Oligonucleotides

Primers for genotyping, see Table S1 This paper N/A
Software and algorithms

Imaris x64 v9.9.1 Oxford Instruments N/A
Imaris file converter v9.8.2 Oxford Instruments N/A
Imaris sticher v9.9.1 Oxford Instruments N/A
Fiji https://imagej.net/software/fiji/ N/A
Prism https://www.graphpad.com/ N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

R https://www.r-project.org/ N/A

ggplot2 https://cran.r-project.org/web/ N/A
packages/ggplot2/index.html

ComplexHeatmap http://www.hioconductor.org/ N/A

packages/devel/bioc/html/
ComplexHeatmap.html
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